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Preface

The upper airways function as an “airconditioner” of the inspired air as they warm, humidify

and filter it before it enters the lungs.' Disorders of the upper airways may often result in an

impaired lung function which implicates a close pathophysiological relationship between the

upper- and the lower airways. For example, the relationship between sinusitis and asthmais

well knownDuring the last decade, numerous investigations have been reported over the

oxidative stress-induced cellular damage underlying the pathogenesis of several human

pulmonary diseases.**” Although considerably less has been written on the role of oxidative

stress in upper airway disorders, there are increasing scientific data that oxidative cell injury

may result in pathologic contitions.

During inflammation, activated granulocytes show enhanced oxidative metabolism which

may result in cell damage, ciliary dysfunction and hyperresponsiveness of the upper

airways.”” In addition, increased levels of markers of oxidative stress induced tissue damage

have been found in chronic airway inflammation.® The inhaled air may also cause damage to

the upper airway mucosa. Direct exposure to ozone, nitrogenoxide, nitrogendioxide, sulfur

dioxide and even pure oxygen may impair upper airway function.” But also the presenceof a

wide array of oxidative enzymes whichplay a role in the bioactivation or detoxification of

xenobiotics may be important in cellular injury.” All these mechanisms share the

involvement of free radical mediated cell damage, which may open perspectives for

antioxidant pharmacotherapy. The purposeof this thesis is to investigate and discuss of the

role of oxidative stress in chronic upper airway inflammation, focussing on antioxidant

defenses.
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Anatomyandphysiology of the upper respiratorytract
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Anatomy andphysiology ofthe upper respiratory tract

Introduction

The upperrespiratory tract consists of the nasal cavity, the paranasal sinuses, the middle ear

cavity, and the pharynx and is separated from the trachea and the lungs by the larynx. The

nasal cavity and the paranasal sinuses form the first line of defense against invading

microorganisms,dustparticles and allergens present in inhaled air before they enter the lungs.

Exceptfor this filtering function the upper airways also humidify and heatthe inspired air.' In

this thesis when we speak of the upper airways the nose and paranasal sinuses are meant.

Inflammatory diseases of the upper airways predominantly occur in the nose and the

paranasal sinuses and are frequently present in man. They form a major problem in health

care. For instance in the L'nited States of America, in 1995, 37 million cases of chronic

sinusitis were reported, which means 141.3 cases per 1000 inhabitants.” Also in the USA in

1996 and 1997, 787.4 millionsvisits to a general practitioner and 67.1 million outdoor patient

clinic visits were registered for upper respiratory tract inflammation.’ Recently it was

reported that the overall health care expenditures attributable to sinusitis in the United States

were $5.8 billion in 1996.’ In the Netherlands, in 1998, 8.9 % of the Dutch population,

approximately 1.4 million patients, suffered from chronic upper airway inflammation.” In

1990 this figure was 6.4 %, indicating that the prevalence of these disorders is rising.°

Compared to the prevalence of other major chronic health problems like asthma, chronic

bronchitis or chronic obstructive pulmonary disease (8.3 %), chronic back problems(8.0 %),

hypertension (7.6 %), joint arthrosis (7.2 %), migraine (6.2 %) and, diabetes mellitus (2.0 %)

chronic upper airway inflammation is the most frequent chronic disease in the Netherlands.

Furthermore, in 1998, 3.4 % of all operative procedures performed were carried out for

chronic inflammation of the nose and the paranasal sinuses with a meanhospital stay of 3.4

days.” These latter figures indicate the enormous impact of these disorders for Dutch health

care. As the exact cause of chronic upper respiratory tract inflammation, i.e. chronic

thinosinusitis and nasal polyps is unknown, many research has been performed upon their

pathogenesis.’*” For sinusitis it is widely accepted that ostial obstruction, either due to

anatomic variations or mucosal inflammation, is a primary pathophysiologic mechanism.”

However, modifications of nasal secretions, deficiency of mucociliary clearance and

immunodeficiencies may also play a role in the pathogenesis." For nasal polyposis, chronic

inflammation of upper airway mucosa seems to provoke its occurence.'* Chronic

inflammation of the upper respiratory tract often coincides with inflammation in the lower

airways. Chronic sinusitis has been mentioned as an important trigger for asthma.'> An
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increased prevalence of asthmais reported in patients with nasal polyps.'* Furthermore, it has

been shown that treatment of sinusitis or nasal polyps is beneficial regarding lung

hyperactivity and asthma symptoms. '*'¢ Currently, the treatment of chronic sinus disease

predominantly consists of functional endoscopic sinus surgery, with or without adjuvant

treatment with decongestants, nasal- or oral corticosteroids or antibiotics.

The anatomy

The nose

The external nose is a pyramid shaped midfacial structure which in its upper third is

composed ofbone andin its lower two-thirds ofcartilage. The internal nose extends about 7.5

cm from external nares or nostrils to the choanal opening, which connects the nose with the

nasopharynx.

 

   
 

Figure 1. Saggital section of the lateral nasal wall. The middle
turbinate has been partially removed. 1 hard palate; 2 inferior turbinate;
3 middle turbinate; 4 sphenoid sinus; 5 ethmoidal cell; 6 superior
turbinate; 7 ethmoid bulla; 8 frontal recess; 9 hiatus semilunaris; 10

ostium of the maxillary sinus; 11 agger nasi
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Overits entire length the internal nose is bisected into two nasal cavities by the nasal septum.

Cranially the roof of the internal nose is formed by the frontal sinus floor anteriorly and the

cribiform plate posteriorly. The nasal floor, which lies 6 cm belowits roof, is formed by the

hard palate. The part of the internal nose just proximal to the nostrils is called the nasal

vestibule. It contains hairs and is lined with stratified squamous epithelium. Its function is

protection from grossparticles in the inspired air which are filtered out by the present hairs or

vibrissae.’

Just behindthis area the nasal valve, or internal ostium is located. This is the narrowestpart of

the nose and separates the nasal vestibule from the nasal cavity. From front to back the nasal

cavity in divided into three meati, which are formedby the presence of three nasal turbinates

which project from the lateral nasal wall into the internal nose. The largest is the inferior

turbinate which lies just above the nasal floor and extends throughout the most ofthe length

of the nose. More cranially the smaller middle and superior turbinates are located. Sometimes

even a fourth, supreme, turbinate is present. The meati contain the orifices of the paranasal

sinuses and the nasolacrimal duct (Figure 1).

 

 
    

Figure 2. Coronalsection of the nose and paranasal sinuses. 1

inferior turbinate; 2 middle turbinate; 3 infundibulum; 4 maxillary

sinus; 5 orbit; 6 septum;7 frontal sinus; 8 ethmoid sinus
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The paranasal sinuses

The paranasal sinuses are air-filled, mucosa-lined spaces within the facial and cranial bones

which communicate with the internal nose. They consist of the frontal, the ethmoid, the

maxillary and the sphenoid sinus (Figure 2).

The frontal sinus is developed from the age of 3.5 years and is radiological visible at the age

of 6 years.'* There is a wide variety in its size and shape between people. In 3 % thefrontal

sinus is absent.'° The septum between both sides is not always in the midline and sometimes

there are more septa. The ostium of the frontal sinus is located in the medial aspect of the

sinus floor, where it usually drains through the frontal recess in the middle meatus. The

frontal recess may or may not be continuous with the infundibulum.”

The ethmoidal sinus starts to develop during fetal life and reachesits final form at adolescent

age. It is an unpaired skull bone which is divided by its perpendicular plate in a left and right

labyrinth. Each labyrinth is composed of numerous cells which are laterally bordered by the

lamina papyracea which separates the ethmoid from the orbit. The medial wall of the ethmoid

is largely formed by the middle turbinate which separates the ethmoid from the internal nose.

Cranially the ethmoid is bordered by the cribiform plate which formsthe floor of the anterior

cranial fossa. In antero-posterior direction the ethmoid labyrinth is divided in an anteriorpart

and a posterior part by the ground lamella. The anterior cells drain into the middle meatus

through the infundibulum,the posterior cells into the superior meatus.

The maxillary sinus is formed in the third month offetal life and is fully developed between

the 14th and 18th year.” The maxillary sinus is a pyramidal shaped space within the body of

the maxilla. The base of the pyramid is formed by the medial wall of the sinus which borders

it from the nasal cavity. Part of this medial wall is not bony but membranous. This part

contains the accessory ostia and is located in the middle meatus. The natural ostium is located

high in the medial wall of the sinus in the posterior part of the infundibulum. The apex ofthe

pyramid points into the zygomatic process of the maxilla. The roof of the maxillary sinus is

formed by the floor of the orbit. The floor of the maxillary sinus is formed by the alveolar

process and lics lower than the floor of the nasal cavity. The dorsal wall separates the sinus

from the pterygopalatine fossa, a space which amongst others contains the maxillary artery

and vein.

The sphenoid sinus is located within the body of the unpaired sphenoid bone. Pneumatisation

of the sphenoid bonestarts at the age of three years. Cranially the sinus is bordered by the

pituitary fossa. The anterior wall separates the sinus from the spheno-ethmoidal recess, a part

10
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of the cavum nasi, in which the sphenoid sinus drains throughits ostium. The sphenoid sinus

is in 76 % divided by one or more septa.”

The osteomeatal complex is the area of the final common drainage pathways of the frontal,

maxillary and anterior ethmoid sinuses.It consists of the maxillary sinus ostia, the ethmoid

infundibulum, the semilunar hiatus, the middle meatus, the frontal recess, the ethmoid bulla

and the uncinate process.”* Blockage of this region has been implicated in the pathogenesis of

: : 24
paranasal inflammation.

Histology of the nose and paranasal sinuses

The nose and paranasal sinuses are, except from the nasal vestibule and olfactory region,

mainly lined with pseudostratified ciliated columnar epithelium.”” On each columnar cell

approximately 200 cilia project into the free mucosal surface. Other cell types such as globet

cells, basal cells and non-ciliated cells with microvilli are also present.”° Furthermore,

migrating inflammatory cells such as lymphocytes, macrophages, eosinophils, neutrophils and

mast cells maybe present. In the submucosal area known as the lamina propria, which is

separated from the mucosa by the basement membrane, both serous and mucoid glands

constantly excrete their secretions onto the mucosal surface. Moreover, in this layer the

cavernous sinusoids are found, which have the capability of marked variation in luminal

capacity. The submucosa in the paranasal sinuses is thin, dense and relatively avascular

compared to the submucosa ofthe nose which is, especially at the lower septum and the

inferior and middle turbinate, loose, rich of glands and very vascular. This region represents

the nasal surface most prominently exposed to inspired air. The respiratory epithelium is

innervated by both sympathetic and parasympathetic fibers whichregulate the type of mucus

secretion and the tone of the contractile sinusoids.

The physiology of the nose and the paranasal sinuses

The nose

The most important functions of the nose are to warm, humidify and filter the inhaled air

before it enters the lungs.”’ In addition, the nose also provides the sense of smell. The “alr

conditioning” function of the nose is very efficient as was shown by the experiments of

Ingelstedt in 1956 and Proctor in 1977 who both showedthat the temperature and humidity of

inspired air remains constant regardless of the starting point.”*”?

11
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The filtering function of the nose is effectuated by the mucociliary clearing system which

consists of a mechanical and immunological barrier. Trapped particles are removed from the

nose by the epithelial cilia which stick through a deeperlayer (sol) of the mucousblanket into

the superficial layer (gel) and moveit in the direction of the nasopharynx at a speed of 6

mm/min,the sol layeritself is not transported.*? The mucousblanketontheciliated cells is 10

to 15 jim thick and traps the inhaled particles in its outer (gel) layer which contains mastcells,

leukocytes, eosinophils, lysozym, and secretor immunoglobuline A, which form an

immunological barrier against invading microorganisms.*| Disturbances in the mucociliary

clearing system may giverise to infectious disorders of the nose and paranasal sinuses.

The paranasal sinuses

The exact function of the paranasal sinuses is unknown. Several theories have been proposed

such as, protecting the skull from trauma, contributing to olfaction, lightening the weight of

the skull, adding voice resonance, contributing to air heating and air humidification, holding

air residues, protection of the brain and craniofacial development. However, none of these

theories has been proven in controlled research.The paranasal sinuses haveostia through

which they drain their mucus to the nose. To prevent retention of sinus secretions which

would lead to paranasal infection the paranasal sinuses have the same mechanical and

immunological barrier as the nose. Furthermore, patency of the ostia is important to achieve

adequate drainage. The mechanismsof transport of secretions in the various sinuses have

°435°37 Th the ethmoid the secretions are directly guided to thebeen thoroughly described.

ostium. In the maxillary sinus, where the ostium is located rather high in the medial wall, the

mucouslayeris transported in a star-like pattern from the floor of the sinusin the direction of

the ostium. In the sphenoidsinusthe transport is conducted in a spiral fashion. In the frontal

sinus a part of the mucouslayeris directly transported to the ostium, whereas the otherpart is

recycled inthe sinus before leaving through the ostium.

Pathophysiology of chronic sinusitis and nasal polyps

Chronic sinusitis

Chronic sinusitis was primarily defined as sinus disease which lasts for more than 3 months.**

However, more recently chronic sinusitis has been defined as a persistent inflammation

documented with imaging techniques at least 4 weeks after initiating appropriate medical

therapy in the absenceofan intervening acute episode.*’ Although the exact pathophysiology
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is unknown, the general idea is that persistent inflammation of the mucosa of the upper

respiratory tract leads to irreversible damage to the mucociliary clearance system which

results in the loss of its function and aggravation of the disease. Therefore, chronic sinusitis is

in principle considered to be a non infectious disease. Although the opinions differ on the

etiology of chronic sinusitis, a similar set of predisposing factors that contribute to acute

sinusitis account for chronic sinusitis. Some of these factors will be discussed below in more

detail.

1. Ostial blockage

Blockage of the osteomeatal region is thought to be a key factor in the development of

chronic sinusitis.’2*! Anatomical variations in this area are reported to influence aeration and

mucociliary clearance, leading to mucostasis and subsequent inflammation and eventually to

further blockage.*” The sinuses draining to the osteomeatal complex,i.e., the maxillary sinus

and the anterior ethmoid sinus, are the most commonly affected sinuses in both acute and

chronic sinusitis.”

2. Abnormal recovery ofmucociliaryfunction

Diminished mucociliary clearance is a feature which has been consistently shown in patients

with chronic sinusitis.“*** A factor which seemsto influence mucociliary function negatively

is hypoxia. It has been shownthat sinus hypoxia, which may be due to a diminished ostial

size, leads to a decrease in ciliary beating frequency and to failure of the mucociliary

transport.°4* A decreased oxygen content and even an absence of oxygen has been

demonstrated in acute sinusitis and chronic sinusitis respectively.***?°? The reduction of

ciliary beat frequency in chronic sinusitis 1s accompanied by morphological changes in the

mucosal epithelium also leading to diminished mucociliary clearance.°' At this pointit should

be noted that chronically damaged sinus mucosa, always has the potencyto regain its function

after adequate aeration has been restored, regardless of the durationof the disease.It has been

shown that mucustransport in the maxillary sinus improves after endoscopic sinus surgery.

The rate of restoration may howeverbe slow and incomplete leading to residual impairment

in mucociliary clearance and recurrence of disease.”Other factors that predispose for

impairment of mucociliary function such as, immotile cilia disorder (Kartagener syndrome),

diminished quality of sinus mucus present in cystic fibrosis, IgA deficiency and

hypogammaglobulinemia are also important butfall outside the scope of this review.

13
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Figure 3. Coronal CT-scan of the nose and paranasal sinuses. Left: normal scan,all paranasal sinuses
are air filled. The infundibulum on both sides is patent. Right: pansinusitis, maxillary sinus and

ethmoid sinus are totally opacified.

3. Microbialfactors

The nasal cavity and the paranasal sinuses are, under normal circumstances, colonized with

several similar types of aerobic and anaerobic bacteria.°° The normal flora can cause infection

as the environmental changes, in case ofostial closure, that occur as a result of blockage of

the ostium provide excellent growth conditions for bacteria. This makes it difficult to

distinguish the pathogenic bacteria from the non-pathogenic bacteria. Bacterial infection in

chronic sinusitis is, in contrast to acute sinusitis, probably secondary. Moreover, bacterial

cultures from patients with chronic sinusitis show a great interincividual diversity and often

several types of bacteria are cultured simultaneously.” It has been suggested that bacteria

present in sinusitis may change over time. This possibly may also explain the diversity of

bacteria found in cultures of patients with chronic sinusitis.°’ The most commonidentified

microorganisms in chronic sinusitis are staphylococcus aureus, coagulase negative

staphylococcus and anaerobic bacteria.” Except from their direct inflammatory action, some

bacteria have been found to release factors that either decrease or disorganizeciliary activity

or even destroycilia.’ Relative to bacteria, much less is known about the role ofviruses in

the pathogenesis of chronic sinusitis.

14
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Nasalpolyps

Nasal polyps are benign mucosal swellings which present as glistering, pale gray, smooth,

soft, freely movable tumors attached by a pedicle to predominantly the nasal mucosa of the

middle turbinate or the ostia of the ethmoid and maxillary sinus. They occur in the general

population with a prevalence of 1-4 %. In patient with cystic fibrosis, acetylsalicic acid

sensitivity or asthma much higher frequencies are found.'* Histopathologically, polyps are

mainly composed of edema and a few mucous glands. The surface epithelium generally

reveals squamous metaplasia. In persons without cystic fibrosis, eosinophils are the

predominantcell type to occur in nasal polyps.” As chronic sinusitis, the pathogenesis of nasal

‘ polyps is far from clear. However, chronic inflammation of the mucosa either caused by

infection or allergy seems to be essential. Local factors, such as aerodynamic conditions,

hemodynamicfactors and changesin local immunity may contribute to the formation of nasal

polyps.”

Diagnosis and therapy

Chronic sinusitis and nasal polyps are disorders which are clinically characterized by nasal

congestion, facial pressure (headache), (post)-nasal discharge, and hyposmia. However, the

signs may be subtle. Next to the clinical presentation the diagnosis is made on rhinologic

and radiological examination. Although on anterior rhinoscopia only a small portion of the

nasal cavity is visualized, it gives a good overview of the status of the nasal mucosa and

possible abnormalities of the septum. To obtain a more detailed overview of the middle

meatus, nasal endoscopy is essential? To date, CT-scanning of the nose and paranasal

sinuses is the imaging modality of choice to visualize the surgical anatomy and extension of

the disease (Figure 3). Medical managementofchronic rhinosinusitis is diverse. The choice

of therapy is made on patient and disease characteristics. Beneficial effects of decongestants,

antihistamines, topical and systemic corticosteroids, antibiotics and immunotherapy have

been described.°? Nowadays endoscopic surgery is the preferred surgical procedure although

moretraditional forms of surgery arestill acceptable. The outcome of the surgical procedure

may differ considerably and is mainly determined byits indication.°°
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Biochemical aspects ofoxidative stress
 

Introduction

Free radicals or oxidants play an important role in a broad spectrum of physiological

biological processes. Despite their physiological importance, there is increasing evidence that

free radicals can be harmful and may be responsible for tissue injury in several human

diseases. The main evidence for this hypothesis comes from in vitro models and experimental

animal studics. However, during the last two decades evidence has also been obtained in

human studies. Various diseases of the lungs and the heart are related to oxidative cell

damage, although given a sufficient burden of oxidants, any tissue can be damaged. For

instance, in the liver, drug metabolism can result in excessive free radical production causing

direct tissue damage. Excepr from organ dysfunction duc to direct tissue damage, it has been

shown that free radicals can cause DNA damage resulting in malignant potential.

Furthermore, oxidative stress may lead to immune dysfunction by damaging components of

the cellular immune system.' To prevent against free radical damage the most obvious

strategy is to reduce the oxidative burden. However, for most oxidant-related human

disorders, limiting the oxidant burden is not possible as the disease is ongoing. In these

circumstances, the most obvious approach is to develop a therapeutic strategy of

augmentation of the antioxidant defense mechanisms to re-establish the oxidant-antioxidant

balance in favorofthe antioxidant defense.*

Oxidants responsible for human disease originate from three sources:

1) oxidants generated through normal biological reactions, in excessive amounts or in an

environment in which the normal antioxidant defense is insufficient.

2) oxidants released through inflammatory cells

3) oxidants entering the human system from exogenous sources, cither direct (i.e.

’ cigarette smoke or ozone) orindirect(i.e. metabolism of xenobiotics).

In this chapter the basal concepts of the chemistry of free oxygen radicals, the antioxidant

defenses and their involvement in humandisease are discussed.

Chemical background

Electrons in an atom or molecule occupy spatial volume elements defined by energy and

probability functions of quantum mechanics, called orbitals. each of which can contain two

electrons undercertain restrictions. The orbitals contain the electrons of a compound,usually

as pairs, each electron spinning in an opposite direction. A normal chemical covalent bond

23



Chapter I-2
 

frequently consists of a pair of electrons also spinning in opposite directions, each component

of the bond donating oneofthe electrons. In contrast, a free radical is a molecule or molecular

fragment that contains one or more unpaired electronsin its outer orbital.*“

A molecule becomesa free radical either by gaining an additional electron,i.e. the molecule

is reduced, or by donating one, the molecule is oxidized. The presence of an unpaired single

electron in the outer orbital of a free radical is mostly represented by a superscript dot (R’).

Reduction: Rt+e-oR™

Oxidation: Ri—g=e

Although most free radicals are reactive due to the unpaired electrons, some are relatively

stable. These stable radicals often have an unpaired electron that is makingit less reactive.

 

 

Groundstate O,
+e

Superoxide anion Oy

radical +e+2H"

Hydrogen peroxide HO,
+e+H

nee H,0

Hydroxyl radical ‘(OH
+e+H

Water 2H2,0  
 

Figure 1. The sequential univalent reduction of molecular

oxygen
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When tworadicals meet, they share their unpaired electrons and form

a

stable covalent bond.

When a radical reacts with a non-radicalis either donates an electron to the non-radical orit

scavenges anelectron from the non-radical. Through both reactions the non-radical becomes a

free radical which mightfurther induce a chain reaction of free radical formation.

Oxygen derived free radicals

In biological systems molecular oxygen (Oz) is considered to be the most important source of

radicals and oxidants. Molecular oxygenitself has to be regarded as a biradical as it contains

two unpaired electrons in each ofits two outer orbitals. The expected reactivity is reduced by

the quantum mechanical restrictions caused by the parallel directions of spin of these

electrons.”

During normal cell metabolism adenosine triphosphate (ATP) is formed from adenosine

diphosphate (ADP) by mitochondrial oxidative phosphorylation through cytochromeoxidase.

Parallel to this process tetravalent reduction of Op into water (H2O) occurs. The oxygen free

radicals formed during these reactions are tightly boundto the active sites of the cytochrome

oxidase enzyme preventing them to cause cell damage.

Approximately 5% of the O2 whichenters the respiratory cycle in the mitochondria leaves this

cycle as sequential univalent reduction occurs. Through this mechanism several nonbound

free oxygen radicals are produced that can disrupt normal functioningofthe cell (Figure 1).

In figure 1 the protonated an unprotonated intermediate forms of molecular oxygen duringits

reduction to water are shown. Not all of these intermediate forms are actually free radicals

and therefore it is more appropriate to speak of reactive oxygen species (ROS)instead of

oxygen free radicals.° Beside the reactive oxygen species showninfigure1, other biologically

important reactive species are known.Singlet oxygen ('O2) is formed by the impute of energy

causing the inversion of the spin of one of the two electrons in the outer orbitals. Although

singlet oxygen is not a free radical by definition it is capable of rapidly oxidizing molecules in

biologic systems. Ozone (O;) is produced by industry and contributes to air pollution, in

contrast it forms a protective shield in the atmosphere against solar radiation. Ozoneis

regarded as a strong oxidant.’ Nitric oxide (NO), although not a classical reactive oxygen

metabolite, is also a potent oxidant which has been implicated in inflammatorycell response.
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Reactive oxygen species formation in biological systems

The free radical burden to the human body depends on the external exposure to oxidants, such

as, cigarette smoke and ozone and to the exposure to free radical formation inducing systems

such as ionizing radiation and certain types of light.”* However, the most important source of

free radicals are the constant oxidation-reduction reactions that occurdiffusely in the body. A

variety of enzyme systems, such as oxidases, dehydrogenases, and several peroxidases

oe However,catalyze the univalent reduction of QO; to superoxide anion radicals (Oz) .

univalent reduction of O2 can also occur during non enzymatic oxidation-reduction reactions

and during auto-oxidation reactions. Moreover, free oxygen radicals are also generated during

the respiratory mitochondrial electron transport system and during the respiratory burst

present in inflammatory cells.°

Superoxide anion radicals are converted under the catalytic influence of superoxide

dysmutase (SOD) into hydrogen peroxide (H2O2) (reaction 1.

20,7 + 2H" > (SOD) > H202 + O (1)

In the presence of transition metals, such as iron (Fe) or copper (Cu), superoxide anion

radicals (O2") give rise to the formation of hydroxyl radicals (OH) in the so-called Fenton

reaction (reaction 2).

Fe?* + HyQ) — Fe** + ‘OH + OH (2)

Another important reaction that produces hydroxyl radicals in the presence of transition

metals is the Haber-Weissreaction (reaction 3). @

Oy” + Fe** + OQ, + Fe”*

H)Q, + Fe** -» ‘OH + OH’+ Fe**”

0,” + H,O) — ‘OH + OH+ Op (3)

In biological systems, hydroxyl radicals are the most reactive radicals known as they are

known to initiate and propagate several free radical (chain) reactions, such as DNA damage

and lipid peroxidation, leading to cell dysfunction and cell death.'*'* During lipid

peroxidation the poly unsaturated fatty acids located in the cell membrane become
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peroxidized. In this process primarily a hydrogen atom is abstracted from a poly unsaturated

fatty acid (LH) through

a

radical, e.g. OH, forminga lipid radical (L’). Subsequently the lipid

radical can react with molecular oxygen forming an lipid peroxyl radical (LOO’), which in

turn can react with another membranelipid molecule forming

a

lipidhydroperoxide (LOOH)

and a newlipid radical (reaction4,5, 6).""

LH + ‘OH - L' + H,0 (4)

L' +0, > LOO (5)

LOO: + LH > LOOH +L’ (6)

Myeloperoxidase (MPO), an enzyme expressed in activated leukocytes, catalyses the

oxidation of chloride ions (CI) by H,O2 into hypochlorous acid (HOC), whichis also a

potent oxidant(reaction 7).

HO, + Cl — (MPO) > HOCI+ OH (7)

From HOCI itself hydroxyl radicals can be generated through either a reaction with

superoxide anionradicals(reaction 8) or iron ions (reaction 9).

HOCI+ 0." > ‘OH + CI + Op (8)

HOCI+ Fe* > OH + CI +Fe™* (9)

Althoughit is not a classical reactive oxygen metabolite, nitric oxide (NO’ is a biologically

importantfree radical and is produced by various mammalian cells.’ It is synthesized through

the enzymatic actionof nitric oxide synthase (NOS) which coverts the amino acid L-arginine

into L-citrulline (Figure 2).'°'”'® Under the influence of NO’, guanosine triphosphate (GTP)

is converted to cyclic guanosine monophosphate (c-GMP) which leads to relaxation of

smooth muscle cells. Therefore, NO’ was initially characterized as endothelium derived

relaxing factor (EDRF). Theisolation ofNOS wasfirst reported by Bredt and Snyderin 1990.

'S At this moment three isoforms of NOS have been described.” There are two constitutive

types (CNOS), one first described in neural tissue (nNOS, NOS type I) and the other in

endothelial cells (CNOS, NOStypeIID).
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L-arginine — (NOS) — L-citrulline

{
Nitric oxide (NO)

I
GTP — (guanylaat cyclase) — c-GMP   
 

Figure 2. Schematic representation of the
formation of nitric oxide.

It has now become apparent that both enzymes are also expressed in other cells, such as

epithelial cells. Both enzymesareactivated by a rise in intracellular calcium ions (Ca*’) and

produce small amounts of NO’. The third isoform, inducible NOS (iNOS, NOStypeIID) is not

normally expressed but is induced by inflammatory mediators such as, endotoxins and

cytokines.'’ This form is less Ca” dependentas calmodulin is integral to the enzyme. Once

induced iNOS produceslarge amounts of NO’ over manyhours.” NO’ derived from iNOSis

involved in inflammatory diseases of the airways and in host defense against infection.”* NO”

can rapidly react with O2” To form peroxynitrite (ONOO) (reaction 10).

0,° + NO’ > ONOO” (10)

Peroxynitrite itself is a more potent oxidant than NO’ and Oy” And can attack a wide array of

biological targets. Moreover, from ONOO'the very reactive ‘(OH can be formed (reaction

1

ONOO’+ H* — ONOOH -> NO;+ ‘OH (11)

Nitric oxide can also react with other oxidants such as, such as H2Ob, releasing large amounts

ahi addition, whenof chemiluminescence with the characteristics of singlet oxygen.

combined with HOC] and O,", nitric oxide forms nitrosylchloride, also a very strong

oxidant°

28



Biochemical aspects ofoxidative stress
 

Antioxidants

An antioxidant is defined as any substance that, when present in low concentrations compared

to an oxidizable substrate, significantly delays or inhibits oxidation of that substrate.’’ The

assault of endogenous and exogenous oxidants mandates that all metabolically active cells

assemble an antioxidant strategy that utilizes a broad array of resources to prevent orlimit

oxidant injury (table 1). These antioxidant mechanisms are provided by several cell

processes”>”?;

1. prevention of formation offree radicals

Zi compartmentalization of reactive species away from vital cellular structures

3. elimination of oxidants or conversion ofoxidants into less toxic species

4. reparation of molecular damage by free radicals

At this point it should be noted that an antioxidant can not distinguish between radicals that

play a physiologic role and those that cause damage. Moreover, antioxidants can function

alone or in combination with others.

Prevention offormation offree radicals

Free radical metabolites are continuously formed during normal cellular respiration. The

tetravalent reduction of oxygen into water, catalyzed by the cytochrome oxidasesis in fact a

powerful antioxidant mechanism as the majority of the free radicals formed during this

process are bound to the active sites of the enzyme keeping it apart from other cellular

constituents. For instance, in lungs the mitochondrial cytochrome oxidase is capable of

binding and metabolizing 90 % of the lung cell oxygen in a way that free radical formationis

prevented.*° When cytochrome oxidase activity is reduced, as is the fact in hypoxic

circumstances increased amounts of radicals are formed from the mitochondrial electron

transport chain.”

Compartmentalization ofreactive species awayfrom vital cellular structures

The primary antioxidant strategy ofcells is limitation of hydroxyl radical formation through

diminishing transition metal availability. Safe storage of transition metals such as iron and

copper ions is therefore crucial in preventing hydroxyl radical production.** In humans

approximately 70 % of the iron is stored in hemoglobin which in turn is predominantly stored

in erythrocytes. Free hemoglobin is rapidly bound to haptoglobin and hemopexin asit is
. . . . ° 3

knowntoreleaseits iron easily under the influence ofperoxides.’ae
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Table 1. Antioxidant systemsin biological systems”®

 

 

System Type Tissue site Actions

Enzymatic

SOD CuZn-SOD Primarily cytosol, also Catalyzes dysmutation of O>into HO,
nucleus

Mn-SOD Primarily mitochondria

Cu-SOD Primarily plasma
Catalase Tetrameric hemoprotein Intracellular; peroxisomes Catalyzes dysmutation of HO, and

GSH-peroxidase

GSH-transferase

GSH-reductase

G-6-PD and 6-PGD

Non-enzymatic

Vitamin E

Vitamin C

Uric acid

GSH

B-carotene

Aminoacids

Glucose

Billirubin

Proteins

Glycoproteins

Selenium or non-selenium

dependentprotein
Non-selenium dependent

protein

Dimeric-protein

NADP dependent enzymes

o.-tocopherol, fat soluble
vitamin

Ascorbic acid, water soluble

vitamin

Oxidized purine base. Water
soluble

Tripeptide. Water soluble

Metabolic precursor of
vitamin A. Fat soluble
Cysteine

Tryptophane
Methionine residues

Taurine

Tyrosine

Carbohydrate
Degradation product of
heme
Albumin

Ferritin

Hemosiderine

Lactoferrin

Transferrin

Ceruloplasmin

Primarily cytosol, also

mitochondria
Primarily cytosol, also
mitochondria
Primarily cytosol, also
mitochondria

Extramitochondrial cytosol

Lipid membranes,
extracellular fluids

Widedistribution in intra-

and extracellular fluids

Wide distribution

Largelyintracellular

Ce!}] membranes

Wide distribution

Intracellular in cells with

high rates ofradical
generation

High concentration in semen
plasma

Widedistribution
Blood andtissues

Wide distribution

Intracellular

Intracellular

Present in blood

Present in blood

Present in blood

other peroxides

Catalyzes reduction of H,O, and other

hydroperoxides

Catalyzes reduction of organic

hydroperoxides

Catalyzes reduction of low molecular

weightdisulfides

Supply NADPH for GSH reductase

Converts O°, OH andlipid peroxyl
radicals into less reactive species. Breaks
lipid peroxidation chain reactions
Scavenges 0." and OH. Neutralizes
oxidants from stimulated neutrophils.
Contributesto the regeneration of
vitamin E
Scavenges 'O,, OH, oxcheme oxidants,

and peroxyl radicals. Prevents oxidation
of vitamin C. Bindstransition metals
Substrate in GSH redox cycle. Cofactor
of GSH peroxidase and GSHtransferase.
Scavenging of O.°, OH, and organic

free radicals
Scavenging of 02", peroxyl radicals, and

Scavenges oxidantsas sacrificial
antioxidant. Binds transition metals

Conjugates xenobiotics, reacts with

HOC!

Scavenges ‘OH and peroxynitrite

Scavenging of OH

Chainbreaking antioxidant

Binds transition metals. Scavenges

oxidants as sacrificial antioxidant

Binds and stores transition metals

Bindsandstores transition metals

Binds andtransports transition metals
Binds and transports transition metals
Bindstransition metals. Promotes iron

binding to transferrin

Abbreviations: GSH = glutathione; Cu = copper; Zn = zinc; Mn = manganese; O07” = superoxide anion; H,O) =

hydrogen peroxide; G-6-PD = glucose 6 phosphate dehyrogenase; 6-PGD = 6 phosphogluconate dehydrogenase;
NADPH= nicotinamide adenine dinucleotide phosphate; ‘OH = hydroxy] radical; 'O, = singlet oxygen; HOCI=
hypochlorousacid,
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Ten percent of the iron is stored in myoglobin, and a small portion in iron containing

enzymes, such as lactoferrin and transferrin, that serve as transport proteins and prevent iron

to participate in free radical forming reaction through the high affinity of their metal binding

sites.'?. Transferrin, is under normal conditions only 30 % occupied with iron. At pH levels

below 5.6, which may occur under ischemic conditions, iron may dissociate from transferrin.

However, lactoferrin has a greater affinity for iron than transferrin at low pH. The remainder

of the iron is stored in intracellular storage proteins, such as ferritin and hemosiderin, to

prevent it to participate in the Haber-Weiss and Fenton reactions. ° Under certain

circumstances, however, such as acidosis or a reductive environment iron dissociates from

ferritin and becomesavailable for catalyzing ‘OH formation. Nextto the ferritin bound iron,

cells contain a transition pool of iron from whichiron is withdrawn to form iron containing

proteins. Although iron from these stores is available for free radical formation it seemsthat

these stores are compartmentalized awayfrom free radical reaction sites.*°

The main binder of copper ions in plasmais albumin.*’ Also the glycoprotein ceruloplasmin

binds copper. Moreover, ceruloplasmin, by means of the enzyme ceruloplasmin ferroxidase,

promotesthe iron bindingto transferrin asit catalyses the oxidation of Fe”* to Fe**.”®

Eliminating oxidants or conversion ofoxidants into less toxic species

The most studied group of antioxidants in the intracellular and extracellular spaces are those

compoundsthateliminate oxidants or converse theminto less reactive species. Roughly these

agents can be divided in enzymatic and non enzymatic antioxidants.

1. Enzymatic antioxidants

Superoxide dysmutase catalyses the dysmutation of O," into H,O2 through primarily reducing

and subsequent oxidation by two superoxide anions of the metal ion (Cu, Zn, Mn) of the

enzyme(reaction 12).

SOD-Cu?* + On” > SOD-Cu* + Op

SOD-Cu* + Oy" + 2H* ~» SOD-Cu”" + H,0,

Overall: 20," + 2H" > O, + H202 (12)

Therate constant of this reaction is 10° timesthe rate constant of spontancous dysmutation of

QO,” at normal H.” This means that normally no superoxide anion is available for reaction
2 p y p
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with hydrogen peroxide to form the very reactive hydroxyl radicals. There are several forms

of SOD. The copper and zinc containing enzymes are predominantly found in the cytoplasm.

The manganese containing form is found in the mitochondrial matrix. In the extracellular

fluid the high molecular weight copper containing form is found.*® In circumstances of

oxidative stress cellular synthesis of SOD has been shownto increase.*’ It should be notedat

this point that HzO), a reaction product of dysmutation of O2” is also capable of inactivation

of SOD bythe formation of ‘OH.*' However, as H,O; has a low affinity for SOD compared to

catalase and peroxidases, interplay between them offers adequate antioxidant protection.

Catalase catalyzes the conversion of H2O> into water and oxygen (reaction | 3).

2H202 —> (catalase) + 2H20 + O7 (13)

It has appreciable reductive activity for only small peroxide molecules such as, H2O2, methyl-

and ethyl hydroperoxides and does not metabolize larger molecules such as lipid

hydroperoxides formed during lipid peroxidation. Catalase is primarily located in intracellular

peroxisomes, which contain many enzymes that generate HO» in aerobic cells, and is

therefore highly compartmentalized in mammalian cells.”** Catalase activity is highest in

erythrocytes.

Glutathione peroxidase is the key enzymeinthe so-called glutathione redox cycle which is

considered the central mechanismofintracellular reduction of hydroperoxides (Figure 3). The

redox cycle is complementary to catalase in the elimination of H2O, but exceeds catalase in

its capacity to reduce other toxic hydroperoxides.” A biologically important source of

hydroperoxides are the lipid hydroperoxides formed by free radical attack on the

polyunsaturated lipid cell membranes through lipid peroxidation .These lipid hydroperoxides

are reduced by the selenium containing GSH peroxidase into their corresponding, less

reactive alcohols at the expense of GSHthat is oxidized to GSSG (reaction 14).

ROOH + 2GSH -> GSSG + ROH + H,0 (14)
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G-6-PD/6-PGD

Glucose ¢ —————— Ribulose-5-phosphate

—_—
NADP* NADPH

Se
GSH-reductase

Le

 

 

 

 

GSH GSSG

H20, — = HO

ROOH GSH-peroxidase ROH    
Figure 3. Schematic representation of the GSH redox cycle. Glucose 6 phosphate

dehydrogenase (G-6-PD) and 6 phosphogluconate dehydrogenase (6-PGD)

enzymatically metabolize glucose to generate NADPH.

Under normal conditions cells keep a high intracellular ratio GSH/GSSG.On onehandthis

high ratio ensures the availability of reduced glutathione (GSH)to deal with radical stress. On

the other hand a excess of GSSGis avoided as GSSG is known to be cytotoxic.”* The cell

possesses two mechanisms by which high levels of GSSG are avoided. First, GSSG can

actively be transported out ofthe cell by a transmembranetransport mechanism.”* Second, the

enzyme GS§SG-reductase is capable of reducing GSSG back into GSH. The necessary

NADPHis provided by the hexose monophosphate shunt. The antioxidant effect is indirect

through the capacity to generate NADPH whichis used in the redox cycle. NADPH does not

directly scavenge oxidants.** Like GSH-peroxidase, GSH-reductase is present in the cytosol

however,it also exists in mitochondria and plasma. Cells that are deficient of G-6-PD activity

are more sensitive to oxidant mediated damage. SOD, catalase, and GSH-peroxidase work

together in limiting oxidant stress on cells. Moreover, they protect each other against oxidant

inactivation. As stated before HQ) can inactivate SOD but also O2* can inhibit catalase and

+ 5

peroxidase function.*
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Mostcells have a different class of GSH-peroxidases which are the non selenium dependent

GSHtransferases. GSH-transferases catalyze the reaction between organic hydroperoxides,

but not H,O>, and GSH.The peroxidase activity of GSH transferase consists of two reactions

(reaction 15, 16).

ROOH + GSH > (GSH-transferase) > ROH+GSOH (15)

GSOH +GSH — GSSG + H,0 (16)

Most GSH-transferases are located in the cytosol, but also a membrane bound type has been

described. '*

2. Non-enzymatic antioxidants

Vitamin E or a-tocopherolis a lipid soluble vitamin that represents the principal defense in

radical induced cell membrane injury. The a-tocopherol molecule can be dividedin twoparts,

a chroman head and a phytyl chain (Figure 4). The phytyl chain is believed to anchor between

the fatty acid residues of the phospohlipids. The chroman group, which is responsible for the

antioxidant effect, faces the cytosol, although the chroman ring is still located in the

hydrophobic zoneofthe lipid bilayer.'“

HO

 

 

Chroman head Phytyl chain
     

 

Figure 4. Chemical structure of a-tocopherol
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In the antioxidant activity of vitamin E, a radical (LOO’) abstracts a hydrogen atom from the

aromatic hydroxyl group of the chroman head (vitE-OH) and forms a chromanoxyl radical

(vitE-O’) (reaction 17) whichis fairly stable due to delocalisation of the unpaired electron.

LOO’+ vitE-OH — LH + vitE-O° (17)

Vitamin E is a particularly effective antioxidant and converts O°, ‘OH and lipid peroxyl

radicals to less reactive forms.”° Moreover, tocopherols are scavengers of singlet oxygen.*” In

order to give efficient protection, vitamin E hasto be regenerated from the vitamin E radical.

Both vitamin C and GSH are able to mediate the regeneration of vitamin E (vide infra).

Although vitamin E is present in extracellular fluids and blood plasma,its main antioxidant

activity is expressed in the cell membrane whereit inhibits lipidperoxidation by interrupting

the chain reaction through scavenging the lipid peroxyl radicals (LOO’). Inhibition oflipid

peroxidation in bloodby vitamin E is marginal, other yet undefined compounds may possibly

play a moresignificantrole in defending polyunsaturated lipids in serum from peroxidation.”

It should be noted that a relatively high concentration of vitamin E may cause radical

formation and therefore can function as a pro-oxidant.’

Vitamin C is a hydrophilic vitamin with well known antioxidant properties. [ts water

solubility allows it to be widely available in both the extracellular and intracellular spaces. In

relatively high concentrations vitamin C can directly scavenge O27, and ‘OH under the

formation ofthe vitamin C radical (dehydroascorbate radical, vit C’) (reaction 13)"

Vit C +'OH > Vit C + H,0+H" (18)

Although not very efficient, due to its hydrophilic character, vitamin C is also known. to

scavenge lipidperoxyl radicals and by this means break the chain reaction of lipid

peroxidation. Furthermore, vitamin C functions as an antioxidant by regeneration vitamin E.”!

In lower concentrations vitamin C is also knownto have distinct pro-oxidant properties.'*** In

the presence of iron or copperalso the vitamin radical can be formed by the reduction of

Fe** to Fe’’ (reaction 19).

Fe’ + Vit C > Fe’* + Vit+ 2H” (19)
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Although the vitamin C radical itself is a relatively, non reactive species, it may either

terminate the propagation via dysmutation, resulting in the production of vitamin C and

dehydroascorbate (DHA)(reaction 20), or reduce another Fe*ion (reaction 21)”

2Vit C + 2H” > VitC + DHA (20)

Vit C + Fe** -» DHA + Fe”* (21)

During the oxidation of vitamin C, HzO, is formed (reaction 22).

Vit C+ O. > DHA + H2O> (22)

All these reactions provide the necessary ingredients for the Fenton reaction (reaction 3) to

occur and form ‘OHradicals, which may inducetissue damage. It has becomeclear that the

degree of iron reduction determines the prevalence of vitamin C to act as a pro- or

antioxidant.

Glutathione (GSH) is a tripeptide containing a thiol (SH) group which plays a pivotal function

in several antioxidant protective systems. The GSH-peroxidases and transferases participating

in the GSH redox cycle have already been described. In addition, the water soluble GSH can

function as an antioxidant unrelated to the GSH-redox cycle as direct scavengers of radicals

like Oy", ‘OH, and organic free radicals.°? Furthermore, GSHis shownto act as an antioxidant

by the regeneration of vitamin E through a GSH selective free radical reductase containing an

essential and vulnerable thiol moiety itself (Figure 5)"eae

There is also an interplay between GSH and vitamin C. First, GSH can react with

dehydroascorbate (DHA) forming GSSG and vitamin C (reaction 23), Second, The GSH

radical, called the thiyl radical (GS'), can react with vitamin C forming the vitamin C radical

and GSH (reaction 24).°*"?
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R’ Vit EK Y% GSSG

Free radical

reductase

RH Vit E GSH

Membrane Cytosol    
Figure 5. Schematic representation of regeneration of vitamin E by
glutathione throughcatalytic activity of free radical reductase.

2 GSH + DHA > GSSG + Vit C (23)

GS' + Vit C > GSH + Vit C (24)

GSH has no direct pro-oxidant activity, since it is not able to reduce free iron.’ However,

GSHcanregenerate vitamin C (reaction 23), providing indirect a reducing equivalent for the

" and by this means GSH can indirectly act as a pro-oxidant. On thereduction of Fe** to Fe”

other hand due to delocalisation the unpaired electron in the vitamin C radical is morestable

thanin the thiyl radical leading to an indirect antioxidanteffect.” The physiological relevance

of the interplay between GSHandvitamin is not fully clear yet.”

Uric acid is formed from the catabolism of purines by the enzyme xanthine dehydrogenase

(XDH)(reaction 25). The enzyme uses NAD‘asthe electron acceptor, but may be converted

from this XDH form into the xanthine oxidase (XO) form, which transfers the reducing

equivalents directly to molecular oxygen (reaction 26)" During for instance ischemia

adenosine triphosphate forms hypoxanthine providing a substrate for xanthine oxidase.

xanthine + H.O + NAD‘ > (XDH) opteits +NADH + H* (25)

xanthine + H.O + 202 > (XO) —> urate + 202° + 2H* (26)

Uric acid has powerful antioxidant properties.” At physiological pH, 99% of the uric acid is

present in the formofits monovalent anion urate which means that only reactions involving

urate are important.*! Urate has been provento directly scavenge hydroxyl radicals, singlet
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°° Furthermore, urate represents the major inhibitor of ozoneoxygen and peroxyl radicals.

induced oxidation to be found in plasma.® Also, urate prevents the oxidation of vitamin C

and binds transition metals.°*°’ In most of these redox reactions uric acid functions as a

sacrificial antioxidantin thatit is irreversibly degraded. However, in the presence of vitamin

C, urate can instead of preventing vitamin C to be oxidized also be regenerated from its

radical under the formation of a vitamin C radical (reactions 27, 28). In contrast to other

compartmentalized antioxidants uric acid has free access to all extracellular fluid

compartments.

‘OH + urate > OH+ urate’ (27)

urate’ + Vitamin C > urate + VitC’ (28)

In addition to the aforementioned antioxidants there are several other fat- and water soluble

antioxidants, such as B-carotene, glucose, and the amino acids cysteine, tyrosine and taurine

which havetheir own specific antioxidant properties but will not be discussed here in detail.*

Reparation ofmolecular damagebyfree radicals

The repair of oxidant injury depends on the initiation of both the repair or removal of injured

cellular components and on the increased cellular proliferation to replace damaged

structures.”* The molecular repair of oxidant mediated injury to nucleic acids, leading to DNA

strand breakage, is well known.°” Furthermore, repair of oxidant induced cell membrane

damage by phospholipase Az and selenium dependent phospholipid hydroperoxide

gl Although the exact stimulus for cellglutathione peroxidase has been reporte

proliferation after oxidant damage is uncertain, cell proliferation has been shown for lung

cells and endothelial cells.” Cell proliferation may not only allow replacementof injured cells

during hyperoxia butalso cells with greater tolerance to oxidative stress may be formed.

Free oxygen radicals in human disease

Oxidative stress has been involved in the pathogenesis of various human diseases such as

theumatoid arthritis, adult respiratory distress syndrome, chronic obstructive pulmonary

discase, reperfusion injury after myocardial ischemia, atherosclerosis, AIDS, cystic fibrosis

and carcinogenesis.””’ This wide range of disorders implies that reactive oxygen species

accompany tissue injury, as tissue injury leads to oxidative stress. Some times reactive
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oxygen species make a significant contribution to the disease pathology however, at other

times they may not (Figure 6)."

Disease which is associated with oxidative stress either results from:”*

i a diminished antioxidant defense through mutations affecting antioxidant defense

enzymesor depletion of antioxidant defense.

t
o an increased production of reactive oxygen species through exposure to elevated

external levels of oxidants or excessive activation of endogenous oxidant generating

systems.

Cells deal with oxidative stress through adaptive mechanisms. As a result of mild oxidative

stress usually the antioxidative defense systems are up-regulated which may offer partial

protection, complete protection or even permanent resistance against oxidative stress.

Otherwise, oxidative stress may cause cell damage. Important cellular targets for oxidative

stress are DNA,proteins, carbohydrates, and membrane lipids.° DNA is an important early

target for oxidative stress. Strand breaks may occur, a feature which has been related to

carcinogenesis.” Furthermore,oxidative stress can activate transcription factors such as NF-

xB promoting the expression ofpro-oxidantproteins and enzymes. NF-«B activation has been

related to severe diseases including atherosclerosis.’© Also oxidation of membrane

phospholipid molecules, better known as lipid peroxidation, and leading to irreversible

membrane damage has been implicated in the pathogenesis of several diseases such as

rheumatoid arthritis.”

It should be noted that in most human diseases oxidative stress is a consequence and not a

cause of the primary disease process. The primary tissue injury, i.e. caused by infection,

trauma, radiation, ischemia or toxins leads to the formation ofall kinds of mediators such as

prostaglandins, interleukins, cytokines, and reactive oxygen species.” Nevertheless, free

radical mediated damage has a substantial contribution to the final tissue injury. In order to

relate reactive oxygen species to disease the ROS should be present at the site of injury.

Moreover, its time course of formation should be coincide with the time courseofthe tissue

injury and direct application of the ROSto the tissue at concentrations within the range found

in vivo should reproduce most of all damage observed. Finally, removing the agent or

inhibiting its formation should diminish the injury to an extent related to the degree of

removal ofthe agentor inhibition ofits formation.’
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Figure 6. The significance of oxidative stress in human disease. Flowchart according to Halliwell

and Gutteridge.

Antioxidant therapy consists of antioxidants that prevent disease and antioxidant

pharmacotherapy. Preventive antioxidants are predominantly diet derived. For instance

vitamin E has been shownto havea protective role in cardiovascular disease. Also vitamin C,

B-carotene, and seleniumare implicated in preventing cardiovascular disease.’’ Furthermore,

it has been shownthat a dietary combination of vitamin E, selenium and B-carotene, but not

vitamin C, gives a drop in gastric cancer deaths. However, for lung cancer this was not

proven.*

Pharmacotherapeutic antioxidants ideally encompasses drugs that can be targeted to cellular

locations where undesirable excessive radical formation occurs. Moreover, they should not

interfere with physiologically important radical processes. Pharmacotherapy may consist of
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naturally occurring antioxidants or of synthetic molecules. Naturally occurring antioxidants

such as flavonoids and lipoic acid have been shownto have beneficial effects in respectively

protection against doxorubicin induced cardiotoxicity and diabetic poly neuropathy.” The

synthetic antioxidant N-acetylcysteine has been implicated in the treatment of various

inflammato ulmonarv disorders.*°*! Furthermore, a wide range of other endogenous and
ry p y g §

exogenous antioxidants have been described to have distinct therapeutic use in free oxygen

radical mediated diseases.*”
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Abstract

The mucosa of the nose and the paranasal sinuses can be damaged by oxidants. Inflammation,

exposure to air pollution, such as ozone, and even exposure to high levels of pure oxygen can

be harmful to the mucosa and may aggravate inflammatory disease through oxidative damage.

Also the metabolism of inhaled xenobiotics may produce potential dangerous products

leading to oxidant stress. The reactive oxygen en nitrogen species responsible for the mucosal

damage and the endogenous antioxidant defense mechanisms dealing with them are discussed

in this review. Possible pharmacotherapeutic antioxidant strategies in the treatment of several

upperrespiratory tract pathologies are mentioned.
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Introduction

Forefficient function of the upper respiratory tract the mucosa of the nose and the paranasal

sinuses needs to be in optimal condition. Damage to the mucosa maylead to upper respiratory

tract infection or secondary pulmonary disorders, due to impaired air-conditioning of the

inhaled air. The upper airways can be damaged in different ways. During inflammation,

leukocytes, macrophages and mast cells may release mediators, among others, leading to

diminished function of the mucociliary system. Inhaled air may also damage the upper

respiratory tract mucosa. Exposure to cigarette smoke, ozone and other airborne pollutants

and even high doses of pure oxygen may impair the mucosal function. Furthermore,

metabolizing inhaled xenobiotics maydestruct nasal mucosa. All these mechanisms have one

thing in common i.e. the damageis at least partially mediated via reactive oxygen specics

(ROS). Important ROSare, the superoxide anion radical (O,"), the hydroxyl radical (OH),

and hydrogen peroxide (H;O2). Other, especially biologically important ROS are the lipid

peroxyl radical (LOO), singlet oxygen ('O>) and peroxynitrite (ONOO)).The latter is formed

from the reaction between O2” andthe nitric oxide radical (NO’), a reactive nitrogen species

(RNS). To cope with the assault of endogenous and exogenous oxidants tissues contain a

broad spectrum of antioxidant defense mechanisms. Except from preventing reactive oxygen

species to be formed by diminishing transition metal availability by compounds such as

hemoglobin and albumin, free radicals can be inactivated by several enzymatic and non-

enzymatic substances. The most important antioxidative enzymes are superoxide dysmutase

(SOD), catalase, and glutathione peroxidase (GSH-px). The main non-enzymatic antioxidant

compoundsare vitamin E, vitamin C, GSH, and uric acid.’

Numerous reports have pointed out that oxidant induced cellular injury may underlie the

pathogenesis of various inflammatory human respiratory tract diseases. For the lungs

extensive reviews have been published indicating that an imbalance between the presence of

free oxygenradicals and antioxidative defense mechanisms is at least partially responsible for

several pulmonary disorders. '23° Although the upper respiratory tract and the lungs form a

pathophysiologic continuum, considerably less is known about a possible pathogenetic

relationship between oxidative stress and inflammatory diseases like rhinosinusitis and nasal

polyps.

In this review we describe mechanismsof oxidative stress leading to damage of upperairways

and the development of subsequent disease. Moreover, possible antioxidative strategies are

discussed.
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Reactive oxygen species produced by inflammatory cells

During inflammation, inflammatory cells such as neutrophils, eosinophils, macrophages and

monocytes becomeactivated. Underresting conditions these cells consumelittle oxygen (O>),

since they rely mainly on glycolysis for ATP production. However, activation of these cells

leads to a marked increase in O2 uptake also knownasthe respiratory or oxidative burst. In

normal phagocytosis, the cytotoxic reactive oxygen species are used to destroy invading

microorganisms. * The respiratory burstis triggered by various stimulants such as opsonized

bacteria and viruses, immune complexes, complement fragments, phorbol esters, platelet

activating factor (PAF), leukotriene By (LTB,) and interleukin-8 (IL-8).° All stimulating

substances interact with specific receptors and elicit the specific responses that are required

for the defense function of the cell, i.e. the respiratory burst. In contrast to activation of

inflammatory cells, ‘priming’ of these cells does not stimulate the respiratory burstitself.

However, priming leads to a much more vigorous respiratory burst on subsequent

stimulation.® Priming agents include several cytokines, bacterial lipopolysaccharide and

complement peptides.’ During the respiratory burst, superoxide anions are produced in a

reaction which is catalyzed by the enzyme reduced nicotinamide adenine dinucleotide

phosphate oxidase (NADPH-oxidase). This enzyme is located on the exterior surface ofthe

cell membrane including that lining the phagocytic vacuole (Figure 1).

NADPH-oxidase reduces oxygen to superoxide anionradicals by utilizing an electron derived

from the oxidation of NADPH into NADP”. NADPHis provided by the cytosolic hexose

monophosphate shunt. Although the mechanism ofactivation of the NADPH-oxidase is not

totally elucidated it has been shown that occupancy of a cell membrane receptor by a

stimulating agent leads to a phospholipase C (PLC) catalyzed cleavage of membrane

phospholipids generating two separate second messengers i.e. diacylglycerol and

polyphosphoinositol. The link between the receptor and the PLC is a guanosine triphosphate

(GTP) consuming G-protein. Diacylglycerol activates protein kinase C (PKC) whichactivates

the NADPH-oxidase system via phosphorylation of a number of proteins. The

polyphosphoinositol groups generate increased cytosolar calcium (Ca**) levels from

intracellular stores and from the extracellular environment whichgreatly facilitates the ability

of diacylglycerol to activate PKC.* The produced superoxide anion radicals dysmutate into

hydrogen peroxide by one superoxide anion radical acting on another. Dysmutation may

50



Oxidative siress in upper respiratory tract inflammation

occur either spontaneously (rate constant 1 x 10° M! 5°), or catalyzed by the intracellulary

enzyme superoxide dysmutase (SOD) (rate constant 1 x 10° Ms").
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Figure 1. The respiratory burst by phagocytes. The membrane bound NADPH-

oxidase generates O,” from ©, during phagocytosis. The enzyme myeloperoxidase

(MPO)oxidizes the halide chloride (CI) to formthe potent bactericidal hypochlorous

acid (HOCI). The extremely reactive ‘OH are formed from 0,"in the presence of

transition metals. NO’ is formed fromthe conversion of L-arginine to L-citruline by

nitric oxide synthase (NOS). The reaction of Oz" with NO’ leads to the formation of

peroxynitrite (ONOO).

Superoxide anion radicals are moderately reactive compounds capable of acting as an oxidant

or reductantin biologic systems. This relative inactivity allows Oz"to diffuse for considerable

distances before it exerts its toxic effects. extracellular generated OQ” can gain access to

intracellular targets via cellular anion channels. '°

Hydrogen peroxide is a more reactive oxidant than O2” , and readily diffuses across cell

membranes. In addition, H,O2 may serve as the substrate for the enzymes myeloperoxidase

(MPO) in neutrophils and eosinophil peroxidase (EPO) in eosinophils which can oxidize

various halides such as chlorine and iodine to produce hypohalous acids, such as,

hypochlorous acid (HOC), which has potent antimicrobial action.'' Moreover, MPO and

EPO are cationic enzymes, allowing them tostick to the cell surfaces and perhaps enhancing
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their potential for cell injury by increasing the local concentration of hypohalous acid at the

cell membrane.

Table 1, Cellular damage by ROS

 

 

Cellular compartment Damage byfree radicals
Lipids Peroxidation of polyunsaturated fatty acids in organelles

and plasma membranes

Proteins Oxidation of sulfhydryl-containing enzymes with
subsequentinactivation of the enzyme

Carbohydrates Polysaccharide depolymerization

Nucleic acids Base hydroxylation, cross-linking, scission ofDNA strands

causing mutation and inhibition ofprotein, nucleotide and
fatty acid synthesis
 

In the presence of transition metals such as iron or copper, superoxide anion radicals give rise

to the formation of the biologically very reactive hydroxyl radicals through the Haber-Weiss

reaction. Also in the presence of iron, hydroxyl radicals are formed from hydrogen peroxide

via the Fenton reaction (Figure 1).'? Hydroxyl radicals are highly reactive implying that ‘OH

diffusion is limited before an oxidizable substrate is encountered. Therefore ‘OH is knownto

react with whatever biologic molecule is in its vicinity. Although free radical production is

essential to host defense, i.e. an optimal microbial activity of phagocytes depends on free

radical production, it exhibits a broad spectrum ofbiotoxicity.'? Free radicals in general and

hydroxyl radicals in particular can damage proteins, cause breakage of DNA strands and

initiate lipid peroxidation (table 1).!*!° Next to oxygen derived oxidant species, nitrogen

derived compounds are important in regulating inflammation. Nitric oxide (NO), in

mammalian cells is formed by the enzymenitric oxide synthase (NOS).'° There are three

isoforms ofNOSofwhich twoare of the constitutive type (CNOS) and oneis of the inducible

type (iNOS). All types oxidize L-arginine to L-citrulline under the formation of NO’."” The

constitutive isoforms are found in neuronal and endothelial cells. Constitutive NOS responds

to changes in intracellular calcium concentration resulting in an intermittent production of

NO’ necessary for physiologic processes such as neurotransmission and blood pressure

regulation. Inducible NOS is expressed in many celltypes such as hepatocytes, respiratory

epithelial cells and macrophages. Its activity is independent of intracellular calcium

concentrations but is modulated by cytokines, microorganisms and microbial products

indicating its function in host defense and inflammation. Once activated iNOSproduces large

amounts of NO’ over prolonged periods of time.'* Once formed NO"hasthe ability to act as

an oxidizing agent alone or interact with O,” forming peroxynitrite (ONOO’) and ultimately
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19,20
‘OH via decomposition. Peroxynitrite itself is a more potent oxidant than NO and O,”

(Figure 1).

Inflammatory diseases of upper respiratorytract

During inflammation of the upper respiratory tract first a non-specific immune response

occurs through influx of inflammatory cells via the post capillary venules. The influx of

inflammatory cells is triggered by the production of vasoactive and chemotactic factors due

to tissue injury elicited by the causative agent. After approximately 24-hours granulocytes

invade the site of inflammation followed by macrophages and lymphocytes. In case of acute

inflammation the main infiltrating cell type is the neutrophilic granulocyte. In case of chronic

inflammation the main infiltrating cell types are eosinophils, macrophages, mast cells and

lymphocytes. Phagocytic cells contain and excrete various hydrolytic and proteolytic enzymes

and generate ROS and RNSall designedto eliminate the causative agent and prevent further

tissue injury. However, releasing these toxic substances in the extracellular milieu may also

contribute to tissue damage.’ In addition, accumulating evidence implies that ROS and RNS

maycontribute to the complex pathogenesis of diseases associated with inflammation.”

Acute upper airway inflammation

Viral infection

Acute upper airway infection is predominantly viral of origin. The rhinoviruses are the most

common pathogens however, other viruses such as influenza virus and adenovirus have also

been described to cause rhinitis.2? The level ofROS and RNS production of mammalian cells

after viral infection exceeds that required for the physiologic processofcell activation which

is mediated through theactivation of redox-sensitive transcription factors.** This phenomenon

nicely illustrates the dual role of ROS and RNS: metabolic regulation of cells and a

phagocytic defense mechanism.” Although it is difficult to distinguish between association

and causation of a given virus and ROS or RNS mediated cellular injury the existing evidence

for the role of oxidative stress in the pathogenesis of viral upper airway infection is reviewed

here.

Virus induced activation of phagocytes is associated with oxidative stress, not only because

ROSare released but also because activated phagocytes may release pro-oxidant cytokines,

such as tumor necrosis factor (TNF) and interleukin-1 (IL-1).”° Influenza viruses have been

shownto prime and activate monocytes and polymorphonuclear leukocytes to produce ROS
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in vitro.°?” TNF may be produced by activated phagocytes or infected host cells. In either

case it may act on host cell mitochondrial respiration inducing a pro oxidant effect. This effect

can be inhibited by the antioxidant vitamin E.** Also TNF maycausethe release of nuclear

transcription factor kappa B (NF-«B) from its cytoplasmatic inhibitor protein leading to

induction of the transcription of cellular and/or viral genes. NF-«B induced gene

transcription can be inhibited by several antioxidants such as thiol donors.””°° The production

of IL-1 by activated phagocytes stimulates neutrophils to release lactoferrin.?' Lactoferrin

binds, stores and transports iron to the reticuloendothelial system.*” Furthermore, interaction

of lactoferrin with phagocytes prevents iron catalyzed oxidant formation directly through

trapping of iron and indirectly by binding lipopolysaccharide preventing priming of

phagocytes for Oz" production, thereby limiting tissue injury.?** On the other hand whenthe

accumulated iron exceeds the cellular iron binding capacity unbound iron may react with

superoxide anions and hydrogen peroxide to produce hydroxyl radicals via the Haber Weiss

and Fenton reaction respectively."

In addition to activated phagocytes, respiratory epithelial cells themselves are also capable of

producing ROSafter viral challenge with, for instance, rhinovirus.”° Production of oxidative

species after rhinovirus stimulation, mediates the elaboration of the proinflammatory cytokine

interleukin-8 (1L-8) through subsequent activation of NF-«B. A direct correlation has been

reported between the severity of symptoms associated with rhinovirus infection and the

concentration of IL-8 in nasal secretions.*° N-acetylcysteine (NAC)inhibits NF-«B activation

and IL-8 elaboration. ®?’ However, rhinovirus stimulated increases in HjQ> release are not

altered by NAC, suggesting that rhinovirus stimulation of IL-8 in respiratory epithelium was

mediated through the production ofROS and the subsequentactivation of NF-«B.*’

An alternative pathway of oxygen radical formation is via t'xe enzymatic production of

superoxide anion radicals by xanthine oxidase (XO), which catalyzes the oxidation of (hypo)-

xanthine to uric acid. In fact is has been shownthat, in influenza infected animals, both the

level of XO and the generation of superoxide anion radicals was increased in broncho-

alveolarlavage fluid.”°**

Another aspect of the role of ROS in the pathogenesis of viral infections is the modulating

role of ROS in initiating the immune response. In the defense against viral infection the

cellular immune response, mediated through T-lymphocytes, plays an important role. It has

been shownin vitro that rhinoviruses, although they do not directly induce superoxide anion

radical production from peripheral blood eosinophils, do cause T-cell activation and
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proliferation enhancing the airway inflammatory respons.°” Several antioxidants inhibit the

activation and proliferation of T-lymphocytes, suggesting an oxidant mediated.

mechanism.*”*! In addition, virus induced apoptosis, i.e. by influenza viruses, can be

counteracted with antioxidants such as NAC and glutathione peroxidase. In addition, some

proteins of adenovirus may inhibit apoptosis via an antioxidant pathway.”

Finally, viruses can also affect the host cell pro-antioxidant balance by increasing cellular pro-

oxidants suchasiron orby inhibiting the synthesis of antioxidant enzymes such as superoxide

dysmutase.”>° In contrast, infection of human airwayepithelial cells with human influenza A

virus resulted in increased mRNA expression of the antioxidant enzymes superoxide

dysmutase and indoleamine 2,3-dioxygenase.*°

The efficacy of antioxidant therapyin viral infections is unclear. It may beparticularly useful

for those viruses which thus far have not responded well to classical antiviral therapies.”°

Until now, a few reports have been published in which antioxidant pharmacotherapy for

instance, superoxide dysmutase has been successfully used in mice for the treatment of

influenza virus.**** Furthermore, NAC showed to have beneficial effects on local and

systemic symptoms in patients with influenza compared to a placebo.*° In addition,

antioxidant effects of the nasal decongestants, oxymetazoline and xylometazoline, frequently

used in the topical treatment of acute viral upper airway infection, have been shownin vitro

experiments.””

Next to ROS, formation ofRNS mayplay a role in the pathogenesis of several viral diseases.

As a cytotoxic or cytostatic molecule, NO’ has been thought to have an physiologic

antimicrobial action against various pathogens."® On the other hand pathologic

overproduction of NO” by iNOS, leading to aggravation of the inflammation, has been

implicated in the development of several viral infections. For instance, infection with

influenza virus A leads to expression of iNOS in macrophages and epithelial cells mediated

by proinflammatory cytokines,i.e. interferon 7 (INF-y) and TNF-«.*”° In addition, the well

knownantiviral effector molecule in host defense, IFN-aB, downregulates the NO’ production

ofvirus infected macrophages. Similar down regulation of iNOS expression wasreported for

the cytokines IL-4 and IL-10 during influenzavirus infection in mice preventing excessive

NO’ production.°° Although NO’ suppresses virus replication in situ, overproduction of NO’

together with the production of O", leading to the formation of ONOO’, powerfully impairs

the physiologic functions of the host cells. In addition, some viruses express or induce

selfprotective molecules having antioxidant and antiapoptotic activity. All these
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characteristics contradict an important role of NO’ in the antiviral host defense. In fact it

suggests that NO’ is actually a proinflammatory mediator in viral disease. A presumption

which is supported by the fact that treatment of influenza virus infected animals, with the

NOS inhibitor N-monomethyl-L-arginine (L-NMMA), show significant improvement of

survival after (sub)-lethal infection.*” Recently it was shown that the nasal decongestants

oxymetazoline and xylometazoline frequently used in the treatmentofviral rhinitis, are potent

inhibitors of iNOS expression, a feature possibly beneficial to their therapeutic effect.*'

Bacterial infection

Viral respiratory pathogens may significantly alter local and/or systemic physical and immune

defense mechanisms, paving the way for secondary bacterial invasion. In acute rhmosinusitis

the Streptococcus pneumoniae, the Haemophilus influenzae, and the Moraxella catharrhalis

are considered to be the most important pathogens. But also other Streptococcus species,

Staphylococcus aureus and anaerobesare found.”

The major source of oxidant production during bacterial infection is the excretion of free

radicals by phagocyting inflammatory cells. Free radicals are very effective in killing

microorganisms. Anaerobic microorganismsare especially susceptible to oxidative damage as

they often lack antioxidant mechanismsobserved in aerobic microorganisms. Although free

radicals are physiologically important for host defense, these toxic compounds may also be

responsible for tissue damage as they leak to the extracellular environment when the

phagosomeis closing.

The impossibility to generate free radicals, i.e. in patients with chronic granulomatousdisease

who have a defect in the NADPH-oxidase complex, results in recurrent infections by

microorganisms normally rapidly killed by ROS. Also patients that lack the enzyme MPO

show delayed killing of bacteria and fungi .* In addition, neutrophils can only kill

Staphylococcus aureus under aerobic circumstances.’ Physiologically the most important

mechanism of phagocyte mediated oxidant generation and microbial toxicity seems to be the

iron catalyzed 'OH production via O.” and H2O>. Indeed in vitro studies have shown that ‘OH

mediated killing of Staphylococcus aureus by phagocytes is enhanced by increased bacterial

iron levels.°° In contrast to ROS, the contribution of NO’ phagocytic defense against bacterial

infection has not been clearly established yet.'? Except from free radical production by

inflammatory cells a number of microorganisms generate oxidants which may exert both

beneficial and toxic effects on the host and other microrganisms.”’ For instance, H,0,

produced by Streptococcus pneumoniae mayplaya role in host cellular injury as it has been
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shown to damagerat alveolar epithelial cells.°* Also, as a result of inflammation, endothelial

cells and epithelial cells produce ROS contributing to the highly oxidative environment

during bacterial infection.””

One of the main targets of oxidative damage is the cellular membrane. The polyunsaturated

fatty acids are susceptible for lipid peroxidation. This processis initiated when a free radical

abstracts a hydrogen atom from the methylene carbon of an unsaturated fatty acid. This

results in a carbon centered radical which reacts with molecular oxygen to from a peroxy

radical. The peroxy radical is able to propagate the reaction by abstracting a hydrogen atom

from another unsaturated fatty acid. By this means a chain reaction of lipid peroxidationis

activated.'* Lipid peroxidation decreases the fluidity and barrier function of membranes

eventually leading to cell death. In healthy tissues lipid peroxidation occurs at a very low

level. Therefore, lipid peroxidation products such as malondialdehyde (MDA) and lipid

hydroperoxide (LOOH) can be used as a marker of free radical induced tissue damage.

Recently, it has been shown that in experimental maxillary sinusitis caused by

Staphylococcus aureus in rabbits increased ROS production occurred as serum MDAlevels

and erythrocyte SOD levels were elevated compared to control blood samples. Moreover,

mucosal MDA levels were significantly higher in the experimental group than in the control

group.°” Although not a commonpathogenin acute sinusitis Pseudomonas aeruginosa derived

products pyocyanin and 1-hydroxyphenazine impairrespiratory epithelial ciliary activity via a

free oxygen radical mechanism.°' Ciliary dysfunction promotes mucosal inflammation. In an

experimental model of acute otitis media, induced by Streptococcus pneumoniae, elevated

levels of the hypochlorous acid generating enzyme MPO have been found in middle car

effusions.© Also in pneumococcalotitis media in guinea pigs, mucosallevels of both LOOH

and MDA weresignificantly elevated compared to contro! measurements. In this study, a

strong correlation was found between these biochemical findings and histopathologic signs of

infection in the mucosa, such as inflammatory cell infiltration, submucosal edema, hyperemia

and effusion formation.® More recently, it was found that compared to controls increased

levels of LOOH were found in middle ear mucosa up to 30 days after infection with

Streptococcus pneumoniae. This indicates that ongoing radical injury continues after acute

infection contributing to chronicity of the inflammation.” Hydrogen peroxide is presumedto

be an important oxidant in the pathogenesis ofotitis media. Apart from the fact that H2O>is

generated by a numberofbacteria which are known to cause acute upper airway infection,

H>Q> has indeed been identified in the middle ear fluid of a guinea pig model of

pneumococcalotitis media and was correlated with the inflammatory changes of the middle
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ear mucosa.®° Also the H,O, producing enzyme SOD has been found in middle ear fluid of

children with chronic serous otitis media.°° Furthermore, elevated levels of catalase, an

antioxidant which catalyses the transformation of HO into water and oxygen, have been

found in middle ear mucosaof animals with otitis media.°’ Another study showed diminished

overall superoxide dysmutase levels in infected middle ear mucosa of guinea pigs indicating a

possible impaired mucosal defense for 0,"Recently, reduced lipid peroxidation in infected

middle ear mucosa of guinea pigs was observed after intraperitoneal injection with the

lazaroid U-74389G, a known antioxidant.” This latter finding indicates that antioxidative

pharmacotherapy may be beneficial in upper airway infection. In contrast to antioxidant

pharmacotherapy, microorganisms have specific defense strategies for oxidative damage

contributing to their pathogenicity. Avoidance of encounters with phagocyte derived oxidants

has been described for streptococcus species and staphylococcus aureus as they generate a

toxin which kills the phagocyte before they can be killed by the phagocyte. In addition,

pneumococciresist phagocytic uptake by covering their surface with a hydrophobic capsule.’

Also pneumococci are shown to generate a specific respiratory burst inhibitor of

polymorphonuclear leucocytes.”°”" Nearly all bacteria, except from the obligate anaerobes,

have developed effective enzymatic pathways for preventing oxidant inactivation. In

particular catalase and/or peroxidases are important.” Accordingly, it has been shown that

neutrophils easily kill low-, but not high-catalase producing Staphylococcus aureus strains.”

Next to catalase and peroxidase enzymatic oxidant inactivation by bacteria is effectuated by

SOD.Several species of bacteria, amongst which Haemophilusspecies, have been found to

contain copper-zine SOD.”

De role of ROS in host-microbial interaction is complex. Oxidants can have beneficial and

detrimental properties in both the host and the microorganism. Tissue injury at site of

infection may be the result of the host inflammatory response to the pathogen rather than

cytotoxic components of the microorganism. Although a role of oxidants in the pathogenesis

of upperrespiratory tract microbial pathophysiology is anticipated the exact role needs to be

further established.

Chronic upper airwayinflammation

The mucociliary clearing system

In contrast to acute rhinosinusitis chronic inflammation of the upper respiratory tract is in

principle non-infectious of origin. Chronic sinusitis is characterized by ongoing inflammation
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for which the causative agent is often unknown. Inflammation results in mucosal damage

which by itself contributes to the chronicity of the mucosal disease. A key factor in the

development of chronic sinusitis is dysfunction of the mucociliary clearing system. This

system consists of a two layered mucous blanket which rests on the ciliated epithelial cells

and is transported in the direction of the natural ostia of the paranasal sinuses. Except from

this mechanical cleaning mechanism the mucous blanket contains inflammatory cells and

secretory cell products which form a immunological defense against invading pathogens.”

Ciliated epithelial cells are an important target for oxidant mediated tissue injury in the human

airways. In experiments using human nasal epithelial cells (HNECs) it has been shown that

exposure of HNECsto reactive oxidants such as Oy", generated by a enzymatic xanthine-

xanthine oxidase system, or H2O», generated by glucose-glucose oxidase system, or reagent

HO, or HOCIresults in significantalterations in ciliary beating.’° The earliest change noted

was the presenceofciliary slowing and dyskinesia, eventually progressing to complete ciliary

stasis. These negative effects on ciliary movement could be prevented by incubating the cells

with enzymatic antioxidants such as SOD and catalase acting alone or in combination. Also

the free radical scavenger 3-aminobenzamide, a DNArepair enzyme inhibitor, significantly

prevented ciliary slowing caused by superoxide anions and HzO; but not by HOCI. This may

indicate that free radical mediated damage to DNA maybeat least partially responsible ofthe

detrimental effects on ciliary movement of HNECs. In addition, the effects of HOCI could be

neutralized by adding the HOCI scavenger methionine. ’© Although it has also been reported

that low doses of superoxide anionradical give a temporally stimulatory effect on ciliary beat

frequency in HNECs higher doses of superoxide anion radicals, generated by a xanthine-

xanthine oxidase enzymatic system, consistently give impaired movementofthe epithelial

cilia.’””® This finding indicates a dose-dependent effect of free radicals on ciliary beat

frequency in HNECs.”°

The role ofthe eosinophil

In chronicsinusitis and nasal polyposis the maininfiltrating celltype is the eosinophil.’”*? The

eosinophil is considered to be an important effector molecule in chronic inflammatory disease

of the paranasal sinus cpithelium as there is evidence that it mediates injury to respiratory

tissue. For instance major basic protein (MBP), a granule stored protein of the eosinophil, has

been proven to be cytotoxic to the respiratory epithelium.*' In human paranasal sinus mucosa

it has been shown that in addition to infiltration with eosinophils, epithelial desquamation,

thickening of the basement membrane, hyperplasia of mucus producing cells and edema of
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the stroma occurs. In this study a striking association was found between the deposition of

eosinophil granule MBP indicating extensive eosinophil degranulation and destruction of

sinus epithelium. In addition, in areas were sinus epithelium was intact a scarcity of

eosinophils was observed with minimal or no signs of cosinophil degranulation.”

Furthermore, MBP has been proven to cause ciliostasis in human nasal] sinus mucosa.”

During eosinophil granulation except from MBPother proteins such as eosinophil peroxidase

(EPO) are released. It has been shown that human nasalepithelial cells are severely injured

when they are exposed to EPO-HO>-halide system. A process which could be significantly

inhibited by catalase and azide.** It these experiments it was observed that damage to human

nasal epithelial cells by MBP requires a longer incubation period than cell damage by the

oxidant forming EPO-H20>-halide system.** Extrapolating this to the situation in vivo higher

eosinophil to target cell ratios are necessary for cell injury via MBPrelease than via the EPO-

H,O)-halide system, indicating that the latter is an important biological mechanism of

oxidative tissue damage in inflammatory nasal disease. Moreover, MBP is thought to be

responsible for tissue edema based on increased vascular permeability. As a result of

increased vascular permeability outpouring of plasmaproteins, albumin in particular, into the

858687  thumin is an important extracellularnasal mucosa and into the nasal secretions occurs.

antioxidant as it binds copper ions preventing them to serve as transition metals in radical

generating reactions.®®

Another granular eosinophilic cell product which is excreted under inflammatory conditions

is eosinophilic cationic protein (ECP). It has been shownthat in nasal secretions frompatients

with nasal inflammation ECP levels were significantly higher than in nasal secretions from

healthy controls. In serum samples of the same patients no differences in ECP levels were

detected. In patients with chronic sinusitis a significant correlation between the subjective

symptoms score and the nasal ECP level was found.®’ This may bean interesting finding as

ECPis knownto stimulate lactoferrin release from airway submucosal glands and lactoferrin

may serve as an important antioxidant by strongly binding free iron at low pH,a situation

which frequently occurs during inflammation. 28

Although eosinophils are the main infiltrating cells in chronic upper respiratory tract

inflammation, in nasal lavage fluid (NAL) also increased levels of neutrophils have been

described.’' Moreover, elevated concentrations of soluble intercellular adhesion molecule-1,

an important adhesion molecule for neutrophil recruitment, were found in chronic sinusitis

indicating that also neutrophils may be important in the pathogenesis of chronic upper

respiratory tract inflammation.” In fact, the levels of the neutrophilic oxidant producing
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enzyme MPO werefound to be significantly higher in NAL ofpatients with chronic sinusitis

compared to NAL of healthy controls. Moreover, in these experiments a strong correlation

between MPO andthe pro-inflammatory cytokine IL-8 levels was found.” The chemotactic

and activating properties of IL-8 for inflammatory cells may be responsible for mucosal

damage or thickening and thus chronicity of the disease.”* In addition, another important

cytokine in chronic upper airway inflammation, eotaxin, has been shown to be a key factor in

eosinophilic accumulation and activation in nasal polyps.”°°* Human eotaxin is a potent

activator of the respiratory burst, releasing ROS, and therefore contributes to eosinophilic

tissue damage.” It may be by this mechanism that recently significantly higher levels of

MDA were found in nasal polyp tissue compared to healthy nasal mucosa indicating a

pathophysiological relationship between free radical damage and nasal polyp development.”

Allergic inflammation

A separate entity in chronic eosinophilic nasal inflammation is the allergic rhinitis. Except

from being one of the most common chronic upper airway diseases in itself, nasal allergic

inflammation may be a causative factor in the developmentof chronic sinusitis as it may lead

to sinus ostial narrowing. Allergic rhinitis is characterized by nasal inflammation and nasal

airway hyperresponsiveness (AHR) to allergens and a number of other stimuli. The

contribution of the eosinophil to epithelial damage, tissue edema, and mucus hypersecretion

leading to nasal inflammation has been discussed above (vide supra). The exact mechanism

by which AHRoccurs remains unclear however, a multifactorial pathway can be anticipated.

Antigen challenge may causeactivation of mast cells and macrophages causing the release of

several mediators such as platelet activating factor (PAF), leukotriens and cytokines. These

chemoattractants lead to infiltration of inflammatory cells, i.e. eosinophils, which in turn

release mediators, amongst which ROS and RNS,which in collaboration maylead to AHR.”

Eosinophils of patients with allergic rhinitis have been shown to have increased oxidative

metabolic function compared to normal controls.'°° Moreover, the role of superoxide anions

in the development of AHR has been shown in cats.'°' PAF, whichis a naturally occurring

phospholipid, seems to play a pivotal role in AHR in man. Except from inducing

inflammatory cells to release cytotoxic mediators, such as ROS, which contribute to AHR,it

also induces eosinophil independent ROS formation by epithelial cells leading to AHR. This

latter feature can be prevented by catalase and SOD.'" In addition, PAF induced

hyperresponsiveness in the human nasal airway can be almost abolished by pretreatment with
5E 103 104,105,106

vitamin E.'’” Next to ROS, RNSare thought to play an majorrole in nasal allergy.

61



Chapter [-3
 

The role of RNS in upper airway inflammation is discussed in a separate paragraph (vide

infra).

Nitric oxide

Site offormation

In healthy subjects exhaled NO’ mainly originates from the upper respiratory tract with a

relatively minor contribution from the lower airways.'°”"'* The predominantlocation for NO"

109 ia immunohistochemical and mRNAinproduction is thought to be the paranasalsinusses.

situ hybridizations studies it was found that a NOS, most closely resembling the inducible

isoform, is constitutively expressed apically in sinus epithelium. In contrast only weak NOS

activity was found in the epithelium of the nasal cavity.''° These findings are confirmed by

the fact that exhaled and nasal NO’ concentrations are markedly lower in animals without

111
paranasal sinuses than in mammals with paranasal sinuses." Although the paranasal sinuses

seem to be the most important source of upper airway derived NO’, NO’is also produced at

other sites in the upper respiratory tract such as the nose itself and the nasopharynx. | SEs

In fact, strong positive iNOS immunoreactivity, but no significant cNOSpositivity has been

foundin ciliated cells ofhuman nasalturbinates.''!° In contrast, Furukawaet al, showed strong

immunostaining for cNOS in vascular endothelium, surface epithelium and submucosal

glands in human nasalturbinate tissue. Moderate INOS immunostaining was found in surface

epithelium, glandular cells, inflammatory cells, vascular endothelial cells and smooth muscle

cells in specimens from patients with rhinitis only.''®

Pathophysiology

In the nose and the paranasal sinuses NO’ is thought to have an important role in several

physiological mechanisms and host defense against infections.''’ NO’ has been shown to

stimulate mucociliary clearance both in vitro and in vivo. The mucociliary activity of rabbit

sinus mucosa was increased dose dependently through the NO-substrate L-arginine, an effect

which could be fully blocked by the NOS inhibitor N-nitro-L-arginine (L-NNA).""”

Furthermore, addition of the NO-donor sodium nitroprusside (SNP) to the nasal cavity also

resulted in significant increase in mucociliary activity. In these same experiments strong to

moderate NOS immunoreactivity and NADPH-diaphorase activity, which is a marker for

NOSactivity, was observed in the cell bodies of the sphenopalatine ganglion and the

peripheral mucosal nerves. This correlation between the results of measurements of two
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independent methods supports the evidence that cNOS, probably of the neuronal subtype is

present in these nerves structures. "8 Also strong iNOS activity has been shown in human

nasal ciliated cells.!'5 These findings may support the biological significance of NO’ in

mucociliary clearance. Clinically, the absence of nasal NOin Kartagener’s syndrome and

significant reduction of nasal NO’in children with cystic fibrosis has been reported.'!”'” This

mayat least partially explain the recurrentinfections occurring in these patients.

Nitric oxide has been shown to mediate nasal fluid production by increasing vascular

permeability through the effector arm of the nasonasal reflex, but not the sensory nerve

afferent pathway,in a rat model.'”!””” In these experiments vascular albumin leakage could be

totally blocked by N-nitro-L-arginine methylester (L-NAMB), an inhibitor of NOsynthesis.

Mucin secretion however was not inhibited by L-NAME,indicating that glandular secretion is

not primarily under NO’control. In contrast, other investigations have shown that in the dog

nasal mucosa NO’ could act as a non—-cholinergic parasympathetic neurotransmitter in both

vascular and secretory control as NADPH-diaphorase activity was histochemically revealed in

parasympathetic nerve fibers in the nasal muscosa.'”*

In pig nasal mucosa it was observed that NO’ is involved in the basal vascular regulation.

Inhibition of NOS by L-NNA induced a reduction in nasal vascular conductance with a

concomitant increase in nasal cavity volume.'**!”° In these same experiments L-arginine

mainly reversed the L-NNA mediated reduction of nasal vascular conductance whereas the

effects on nasal cavity volume were small. This finding indicates that NO’ maybeof greater

importance for resistance vessel(arteries and arterioles) than for capacitance vessel (veins and

venous erectile tissue) function. However, this observation was contradicted by Ruffoli et al,

who found strong NADPH diaphorase activity in the cavernous sinuses of human inferior

turbinates which function as capacitance vessels, Furthermore, occasional activity was found

in the arterioles and no activity was found in the capillaries which function as resistance

vessels.!”° In addition, Ruffoli et al., found strong enzymatic activity of NOS in the smooth

muscle cells of patients with vasomotor rhinitis suggesting a role for NO’ in the vascular

disorder of vasomotor thinitis.'*’ A positive relation between nasa] NO’ and nasal resistance

was also found by Imadaetal. 128 Moreover, NOS immunoreactivity has been detected in

mast cells of human nasal mucosa indicating that mast cells contain a particulate isoform of

cNOS which is rapidly removed from granules upon exocytosis and thus playing a role in

regulating the blood supply to the nasal mucosa.'”” In contrast, more recent investigations

failed to show such a relationship. '°*"° 1132 The difference in these results may be

methodological of origin. The latter studies use high flow rate insufflation techniques which
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may mimic the physiological transnasal airflow better than the low flow techniques which

'83 Another explanation for the discrepancy maymay underestimate the measured NO’ output.

be the fact that the NO’ levels measured in the nasal air are predominantly produced by the

calcium independent form of NOS found in the sinus mucosa whichis not responsible for

vascular tone regulation asthis is controlled by nasal vascular cCNOS.1"'76841*°

At this point it should be noted that there is no standardized technique for measuring nasal

NO’. Jn vivo, indirect methods, in which nitrate and nitrite as stable end products of NO’

metabolism are measured or immunohistochemical techniques, which detect NOS in tissue,

are used. The direct methods measure airborne NO’ via chemiluminescence analysis.''”

Recently measurement techniques have been compared by Silkoff et al.!3° Nasal NO"

concentrations were found to be inversely correlated with transnasal airflow which makesit

vital to use a constant flow rate during measurements. Therefore, the fixed flow exhalation

methodis considered to be the preferred method. In addition, NO’ contribution from the lower

airways should be either excluded or subtracted.

Another important physiological function of nasal NO’ is that it may function as an aerocrine

messenger for the lungs as it has beneficial effects in regulating pulmonary blood flow

optimizingthe ventilation/perfusion ratio,37'"8"°

Inflammation

Nitric oxide is detectable in the nasally exhaled air of normal subjects and its level is not

related to age, gender or diurnal variation. NO’ may therefore be a useful measure for

140monitoring upper airway disease. Within the respiratory tract pathogenic microorganisms

have been shown to induce NOS.'*' NO" has strong antiviral and moderate antibacterial

142,143 The airborne NO’ may even represent the very first line of defense in theeffects.

airways, possibly acting on pathogens even before they reach the mucosa,’ During viral

upper respiratory tract infection (URTI) it has been shown that during the acute phase the

exhaled NO’ concentration increases significantly. During recovery exhaled NO’ returned to

4
normal. '“ These findings indicate a role for NO’ in regulating URTI. In contrast, Ferguson et

al., did not find any difference in exhaled NO™ levels betweenthe acute stage of a common

cold and the values obtained whenthe subjects were healthy.'” Also, Lindberg et al, showed

no difference in NO’ between healthy volunteers and patients suffering from a common

cold.'*° Furthermore, only low concentrations of nitrite were found in nasal washings of

patients with a rhinovirus infection, levels which were not different from sham-challenged

subjects. Nitrite concentrations did not change over the course of rhinovirusinfection. ne
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Theselatter findings may contradicta role ofNO’ in the pathogenesis ofURTL.

In patients withallergic rhinitis it has been shown that nasal NO’is increased compared to non

allergic subjects.'°° Treatment with topical steroids has been shown to significantly lower the

nasal NO’ production, a feature which is explained by inhibition of iNOS.'°*'*’ In contrast,

although NO’ metabolites, nitrite and nitrate, are detectable in nasal washingsofpatients with

house dust mite allergy, intranasal steroids did not affect the NO™ levels measured.'“

Increased expression of iNOS, but not of cNOS, was shown in nasal turbinate tissue of

patients with house dust mite allergy comparedto healthy controls.!*? This was confirmed by

Kanget al, who showed strong immunostaining of iNOSespecially in the submucosal glands

of patients with allergic rhinitis. Furthermore, they found increased production of

peroxynitrite (ONOO)),as represented by the accumulation of 3-nitrotyrosine, suggesting that

this toxic NO’ metabolite may be atleast partially responsible for the symptoms of allergic

rhinitis.'°° Sato et al, also found increased levels of NO" andnitrotyrosine in nasal mucosa of

patients with allergic rhinitis comparedto healthy controls.'*! They proposed a vicious cycle

of perennial nasalallergy. As a responseto theallergic reaction, mast cells and inflammatory

cells release cytokines which increase vascular permeability and cause edema. At the same

time, cytokines induce NOS with subsequent formation of NO’. Superoxide anions are also

produced through inflammatory cells and through the ischemia reperfusion phenomenon of

the nasal cycle. In this latter process xanthine oxidase produces O2" during reperfusion. From

NO’ and 0” rapidly ONOOis formed which aggravates the edema. In tum the edema

produces ischemia.'*! The key cells in the formation of ONOO' may be the eosinophil asil

has been recently shown that intranasal administered eotaxin, a potent chemoattractant for

eosinophils, causes clinical symptoms of nasal allergy with elevated levels of NO’, and

nitrotyrosine. as

In the pathophysiology of chronic upper respiratory tract inflammation NO’ also seems to be

involved. The majority of NO’is produced in the paranasal sinuses which suggest a role in

host defense in these areas. Indeed in patients with chronic sinusitis nasal concentrations of

NO’ have been provento besignificantly lower than in healthy controls.'“° Decreased nasal

NO’ may betheoretically caused by twofactors. First, through diminished production of NO"

in ciliated cells of the paranasal and nasal mucosa. Second, through narrowing ofthe ostia of

the paranasal sinuses. Diminished production of NO’ in ciliated cells might be due to

metaplasia ofciliated epithelium into cuboidal and squamousepithelium a feature occurring

in chronic sinusitis and in smoking. Indeed, nasal NO’ hasbeenreportedsignificantly lower in

smokers than in healthy subjects.'**'°* Narrowing of the sinus ostia occurs frequently in
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chronic sinusitis due to edema of the mucosa. Blockage of flow of NO’ from the paranasal

sinuses into the nose occurs leading to decreased nasal NO’ but also increased NO’ levels

within the paranasal sinuses. Recently Schlosser et al, demonstrated significantly increased

levels of NO’ metabolites in sinus lavage fluid of rabbits with chronic sinusitis, which

resolved after restoring sinus ventilation. These authors speculate that NO’ autotoxicity plays

a role in the pathogenesis of chronic sinusitis.'°° However, in this respect it should be noted

that hypoxia, a situation frequently occurring during chronic sinusitis, depresses nasal nitric

oxide output and mayserve as a controlling mechanism that prevents further rising of NO’.'*°

Finally, in patients with non allergic nasal polyps, nasal NO" has been reported to be low

157
compared to healthy controls and patients with polyposis and allergy.” As allergic

rhinopathy is characterized by high nasal NO’ levels this may very well compensate the low

nasal NO’ levels caused by sinus ostium obstruction in patients with only nasal polyps.

Although nasal NO’ may be low in nasal polyposis it should be noted that upregulation of

iNOSactivity has been shownin nasal polyps suggesting a role in their development.'™

Airpollution and hyperoxia

Aipollution

Ozone (O3) is the major irritant gas in photochemical smog. Due to its extreme oxidative

reactivity it has been suggested that about 90 % of the O3 which enters the airways reacts with

constituents from the epithelial lining fluid, before it reaches the epithelial membrane.'>”'®

The epithelial lining fluid covers the surface of the airways. It contains various molecules,

such as unsaturated fatty acids, proteins, nucleic acids, thiols, vitamin C, and vitamin E,

which may function as a reactant for O3. The thickness of the epithelial lining fluid in the

upper respiratory tract (5-10 4M) is larger than in the alveoli (0.2-0.5 1M) and therefore

direct cellular damage is expected in the lowerrespiratory tract , whereas secondary products,

such as aldehydes and hydrogen peroxide are responsible for the deleterious effects in upper

airways.'°' The capacity of O3 to oxidize unsaturated lipids and protein sulfhydryl groupsis

presumed to be the mechanism by which O; exerts its cellular toxicity.'** Moreover, the

antioxidants GSH, uric acid, and vitamin C directly react with O; and serve as sacrificial

antioxidants.

Within the nasal cavity Oz exposure leads to an inflammatory response due to the influx of

neutrophils, which may be indicative for cellular injury.’® Also significant increases of

neutrophils in nasal lavages in healthy subjects exposed to ozone have been reported.'™
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Moreover, a transient but marked increase in DNA replication, indicating cell proliferation,

was seen in nasal epithelial cells of rats after exposure to ozone.'® Cell proliferation of cells

lining the respiratory tract is usually very low. However, after cell injury epithelial cell

proliferation increases dramatically and therefore increase in cell proliferation is frequently

'66 Next to cell proliferation, repeatedused as an indicator of toxicant-induced cell damage.

ozone exposure of rat nasal mucosa leads to hyperplastic and secretory cell metaplastic

changes which may protect it from subsequent exposures.'°”'® Jn a cell culture of human

upper respiratory tract epithelial cells, ozone has been shown to induce subacute damaging

effects. After one week of continuous exposure to intermediate and high concentrations of

ozone the levels of cytotoxic cells increased and the ciliary beat frequency and IL-8

production decreased in vitro.'°’ Although is this study the proinflammatory cytokine IL-8

decreased after exposure to ozone, other studies have shown increased release of

170.17 ;
70.171 For instance,proinflammatory cytokines and other mediators of inflammation.

Steerenberg et al, showed the presence of leukocytes, the proteins myeloperoxidase and

eosinophil cationic protein and, IL-8 in nasal lavagefluid after ozone exposure. Moreover, the

72 These factors mayexudation markers albumin, urea and uric acid were also detectable.

contribute to the developmentofchronic inflammation.

Ozone is also known to contribute to airway hyperreactivity, In rats, it was found that O3

induces increased airway responsiveness to acetylcholine and bradykinin. This effect was

inhibited by the antioxidants apocynin, allopurinol and deferoxamine indicating involvement

of superoxide anions released by inflammatory cells.'”

Next to ozone, formaldehyde is a major air contaminant which alone or in combination with

ozone may cause airway epithelial damage.'”* Significant reducedciliary beat frequency has

been shown after exposure to high levels of formaldehyde.'” Furthermore, when healthy

volunteers were exposed to formaldehyde in vivo, they showed strong nasal eosinophilia,

chronic inflammation and metaplasia.'7°'77!8 Although formaldehyde is not a true oxidant in

itself these findings may very well be mediated via an oxidative mechanism. Glutathione

conjugation is involved in the detoxification of both ozone and formaldehyde. A role of

glutathione or glutathione dependent enzymesin the pathogenesis of nasal adverse effects

induced by ozone, formaldehyde, or a combination of both can therefore be anticipated,

however, such a role has not been proven yet.) ”” Other oxidants found in airpollution such as

nitrogen dioxide and sulfur dioxide, are also implicated in nasal disease. Nitrogen dioxide

exposure results in epithelial eosinophilia leading to mucosal injury and decreased ciliary

activity possibly contributing to airway hyperresponsiveness.|*”'*! These effects may very
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well be caused by lipid peroxidation as this has been shownto occur inrat nasal tissue after

'®? As vitamin E levels in rat nasal tissue were relatively high,exposure to nitrogen dioxide.

the peroxidation in this site seemed notattributable to a high sensitivity to oxidants. However,

the minimal capacity of the mucous lining layer to scavenge oxidants was suggested to be

responsible for the peroxidative effects of nitrogen dioxide.'*’ Inhalation of the oxidant sulfur

dioxide in higher concentrations is knownto result in suppression of mucociliary clearance,

mucosal edema, and increased nasal resistance.'’°'** In mice early lesions were observed in

the nasomaxillary turbinates consisting of edema, necrosis and desquamation of the

respiratory epithelium.| Furthermore, sulfur dioxide exposure leads to influx of mastcells

and lymphocytes into nasal lavage fluid. These factors may contribute to upper respiratory

185
tract inflammation. In fact sulfur dioxide containing outdoor pollution has been shown to

haveadverse effects on the symptomsofallergic rhinitis. '*°

Hyperoxia

In addition to airborne pollutants, oxygenitselfis in higher concentrations capable of injuring

the nasal mucosa. The hyperoxic damage seems to be partially mediated via reactive oxygen

species.'*’ Hyperoxia has been shown to induce hypertrophy but not hyperplasia of rat nasal

mucosa. In these same experiments the mucosal activity of the antioxidants superoxide

dysmutase, catalase, glutathione peroxidase, and glucose-6-phosphate dehyrogenase were

markedly increased after hyperoxic exposure. Moreover, an increased cell replication was

188,1
88189 The formerseen reflecting replacement of susceptible cells by more resistant cells.

morphologic and biochemical alterations suggest an protective mechanism ofnasal epithelia

to subsequent hyperoxic exposure.

Xenobiotic metabolism

An important source of free radical formation are the constant oxidation-reduction reactions

that occur diffusely in the body. The nose represents a major port of entry into the body for

volatile xenobiotics and therefore the respiratory mucosa contains various oxidative enzymes

to metabolize potentially hazardous compounds.!”? In some cases this nasal biotransformation

process of xenobiotics may lead to a cytotoxic bioactivation of the metabolized substances.

The superfamily of cytochrome P450 enzymesare involved in the oxidation of a wide array

of substances at the expense of O2, and has been described to occur in nasal mucosa of

animals and humans.'””!*! In addition, although in low concentrations, all other components

of the mono-oxygenase system such as cytochrome bs, NADH and NADPH-cytochrome c
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reductase, and the NADH-cytochrome bs reductase are present in human respiratory nasal

tissue.'”' Cytochrome P450 may function as a mono-oxygenase, using NADPH asa co-factor,

in which one atom of the oxygen enters the substrate and the other forms water. Except from

this mono-oxygenase activity cytochrome P450 may also function as a peroxidase using

peroxides as electron donors.’ Whether the oxidation of a substrate is catalyzed by

cytochrome P450 with either NADPH/O)or peroxide as cofactor ROSplay a central role in

the reaction cycle and may cause adjuvantcellular damage.'”” For instance, cytochrome P450

may, under certain xenobiotic induced circumstances, generate excessive amounts of

superoxide anion radicals which may dysmutate to HO; and other ROS which have been

implicated in the initiation of lipid peroxidation.'”’ This phenomenon has not been shown

specifically for human nasal mucosa. However, hyperoxic exposureto rat nasal epithelia has

been shown to give a significant decrease in cytochrome P450- dependent monooxygenase

activity which may indicates a protective response of nasal epithelium against potential

oxidative stress.'*®

Next to cytochrome P450, GSH-S-transferases have been repeatedly reported to occur in rat

and human nasal mucosa.!?*!?° GSH-S-transferase is an enzyme which is well known as a

catalyst of the reaction of GSH with endogenous compounds and xenobiotics. For instance,

cytotoxic aldehydes which are produced during lipid peroxidation are detoxified by

conjugation to GSH. Furthermore, organic hydroperoxides are metabolized to oxidized

glutathione (GSSG) and water.'’°'””

Although GSH-S-transferase is predominantly an antioxidant enzyme, strongly increased

activity may cause an decrease in GSH concentration, thereby impairing the antioxidant

capacity and indirectly functionas a pro oxidant.’ In addition, combined exposureofrat nasal

epithelium to formaldehyde and ozone results in decreased activity of GSH-S-transferase

without a decrease in GSH,indicating also an indirect prooxidant effect.'”

Antioxidants in general

Naturally occurring antioxidants

Airway mucosal surfaces are potentially subjected to a variety of oxidant stresses. Except

from oxidant attacks from inflammatory cells, exogenous oxidants such as ozone (Qs),

sulfurdioxide (SO), nitrogen dioxide (NO), tobacco smoke and even pure oxygen may

damage the epithelium. To cope with this assault, respiratory epithelium uses several

antioxidant strategies, Cells contain many antioxidants, some of which are non-enzymatic
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radical scavengers, others that prevent radical formation, and others that enzymatically

detoxify ROS."

Antioxidant enzymes

The most important antioxidant enzymes are SOD, catalase, and GSH dependent enzymes

such as GSH peroxidase (GSH-px). SOD catalyses the dysmutation of superoxide anions to

oxygen and HO, at a rate constant 10° times the rate constant of spontaneous

dysmutation.”'” There are several isoforms of SOD. The copper and zinc containing enzymes

are predominantly found in the cytoplasm. The manganese isoform is found in the

mitochondrial matrix. Catalase and GSH-px predominantly detoxify the common oxidant

H20, but also other peroxide molecules such as lipid hydroperoxides may be reduced.

Catalase converts HzO) into water and oxygen and is mainly located in intracellular

peroxisomes.! GSH-px, a cytosolic selenium dependent enzyme, catalyses the reaction in

which H,OQ, is converted to water or, another toxic hydroperoxide is converted into its

corresponding alcohol. During this reaction GSH is oxidized into glutathione disulfide

(GSSG).””° Another GSH dependent enzyme GSH reductase reduces GSSG back into GSH

by this means providing sufficient levels of GSH to deal with radical stress. To do so GSH

reductase oxidates NADPH,whichis provided through the hexose monophosphate shunt, into

NADP*.”"! Airway epithelium also contains a non-selenium dependent class of GSH-px.

These so-called GSH-transferases catalyze the reaction between GSH and organic

hydroperoxides, but not H»O>, to form GSSG and water.*”

Non-enzymatic antioxidants

The non-enzymatic antioxidants found in respiratory epithelium include low and high

molecular weight compounds. The most important low molecular weight antioxidants are

vitamin E, vitamin C, uric acid, thiols, B-carotene, and taurine. Vitamin E is lipophilic and

serves as a chain breaking antioxidant in the processof lipid peroxidation.”” Vitamin C is a

more hydrophilic antioxidant and may quenchradicals in the nonlipid cellular compartments.

Furthermore vitamin C regenerates vitamin E.’” Uric acid, present as urate under

physiological pH, is also hydrophilic and has powerful antioxidant properties as it directly

scavenges ROS,prevents the oxidation of vitamin C and bindstransition metals.”°*?* Uric

acid has free accessto all extracellular fluid compartments. From the thiols the hydrophilic

tripeptide GSH plays a pivotalrole in several antioxidant systems. Except from its function in

206the GSH-dependent enzymes, GSH can directly scavenge ROS.’ By this means the
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important sulfhydryl groups on proteins are protected. Furthermore, GSH may regenerate

vitamin E.2"’ The fat-soluble B-carotene and the hydrophilic amino acid taurine serve as free

radical scavengers.’

Larger molecular weight antioxidants include transferrin, lactoferrin, albumin, and

ceruloplasmin. Lactoferrin andtransferrin serve as transport proteins of iron preventing it

from participating in free radical generating reactions, such as the Haber-Weis-, and the

Fenton reaction, through their specificity of their binding sites.'? Albumin and ceruloplasmin

bind another importanttransition metal, copper.**”°°

Antioxidants in the upper respiratory tract

Epithelial antioxidants

In the nasal mucosaseveral antioxidants have been shownto occur. For instance, in rat nasal

mucosa the different forms of SOD have been detected via electron spin resonance spin

trapping and immunohistochemical techniques.””” In these experiments it was found that

manganese and copper-zinc SOD were immunohistochemically clearly expressed in the

epithelial cells and the subepithelial glands, implying an important role of the epithelial cells

in protecting the nasal mucosa against cytotoxic superoxide anions. In the epithelial globet

cells and the connective tissue of the |amina propria no positive immunostaining was found

which make these latter two more vulnerable to damage caused by superoxide anions. The

overall activity of SOD was foundto be highest in the nasal olfactory areas suggesting

a

site

specific different requirementofthe nasal cavity in detoxifying superoxide anions. In middle

ear mucosa of guinea pigs withotitis media decreased levels of SOD were found compared to

healthy animals, Indicating an impaired antioxidant defense against O,". In contrast,

elevated levels of catalase were found in infected guinea pig middle ear mucosa suggesting a

increased antioxidant potential in the defense against Ho”

GSH,has also been detected in rat nasal epithelium.’”” Although the exact role of GSH within

the nasal epithelia remains unclear it was found that the concentration in respiratory

epitheliumis rather high (2.67 + 0.42 mol/g tissue) compared to other tissues. The liver (6.1

umol/g tissue) and the kidney (3.96 mol/g tissue), where the importance of GSHhas well

been established have similar or higher concentrations.”'! Furthermore, a high GSH turnover

rate was observed in the nasal respiratory epithelium after intrayenous cysteine

administration, which is indicative for a high metabolic activity. As was mentioned earlier

GSH is used by the antioxidant GSH-S-transferase to detoxify xenobiotics and organic
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hydroperoxides. GSH-S-transferase has been shown in animal and human nasal mucosa.'!°*!?°

Although in considerable lower concentrations comparedto rat nasal tissue (0.6 + 0.2 mol/g

wet weighttissue vs. 2.67 + 0.42 mol/g tissue), GSH has also been found to be presentin

human nasal mucosa of healthy controls. Furthermore, in patients with chronic sinusitis a

significant lower level of GSH was found suggesting a diminished antioxidant defense

through direct scavenging of ROS produced during inflammation and conversion of GSH by

GSH peroxidase. The expected increase in mucosal GSSG wasnot observed. *” This might

be explained by the efflux of GSSG out of the cells into the blood stream and reduction of

GSSGbythe enzyme GSSGreductase?
. . . 2Uric acid has been reported to occur in human nasal mucosa.”!?7!4 However, in these same

experiments the presence of xanthine oxidase, the enzymeresponsible for uric acid synthesis,

could not be detected. It is speculated therefore that uric acid is taken up by nasal glands from

214 Th addition it was found that the mucosal level of uric acid was decreased inplasma.

patients with chronic sinusitis, again suggesting diminished antioxidant defense.”!”

Vitamin E levels have been shownnotto differ significantly between patients with chronic

sinusitis and healthy controls.*'* Although vitamin E is the principal defense against oxidant

induced lipid peroxidation, the consumption of vitamin E begins when other antioxidants

have been consumed. Furthermore, vitamin E can be regenerated from its radical by GSH and

vitamin C.”'> This latter may suggest mucosal consumption of vitamin C a feature which was

already hypothesized in 1968 for patients with allergic rhinitis who had considerably lower

blood levels of vitamin C than normalsubjects, indicating a unsaturatedstate ofthe tissue?"

Epithelial associated antioxidants

Antioxidants contained in the respiratory tract lining fluids (RTLFs) can be expected to

provide the initial defense against inhaled environmental oxidants. The major antioxidants in

the RTLFs are mucin, uric acid, albumin, ascorbic acid and GSH. Antioxidants in RTLEs can

be augmented byprocesses such as transudation/exudation of plasma constituents, secretory

processes from glandular and epithelial cells, and cellular antioxidants derived from lysis of

‘ol Accurate measurement of RTLFsconstituents is difficultepithelial and inflammatory cells.

as substantial dilution and influx of solutes from non-RTLF sourcesinto the instilled saline

may represent a significant source of errors in calculating RTLF constituent concentrations.

The single-cycle lavage procedure described by Peterson et al., seems to lessen these

problemsand provides accurate and reliable results.7””
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1. Uric acid

Uric acid has been shownto be a major low molecular weight antioxidant in upper respiratory

tract lining fluid.?'*'8?!9 The approximate level of uric acid in nasal lining fluid has been

'6l However, more accurate determinations showa level of 225 + 105reported to be 160 uM.

uM.”° Uric acid functionsas a sacrificial antioxidantas it protects not only upperrespiratory

tract epithelial cells but also other constituents of nasal RTLF from oxidant injury. For

221
instance, uric acid is one of the most potent scavengers of ozone.“ During normal breathing

it has been shown that the nasal airways take up approximately 40 % of the inspired ozone

2 TJrate has indeed been proven to be depleted inindependent from the O3 concentration.

human nasal lavage fluid after in vitro O; exposure confirming its protecting effect on the

upper respiratory tract from the oxidanteffects of ozone.’”’ Although the levels ofuric acid in

nasal lavage fluids is lower in womenthan in men, and age mayeffect lavage uric acid, it may

be used as a marker for O; sensitivity.7”* Furthermore, as the urate concentration in nasal

secretions is similar to the concentration in plasma, it provides a useful marker for nasal

epithelial lining fluid volume to whichother lining fluid constituents, such as antioxidants,

can berelated.”>

2. Glutathione, vitamin A, and vitamin E

Glutathione, ascorbic acid and vitamin E have been shown to occur in RTLFs. Approximate

estimated levels of glutathione and ascorbic acid, both extracellular antioxidants, were

'6! The level of vitamin E in nasal epithelial liningreported to be 40 uM for both compounds.

fluids is not known.It should be noted that of the total glutathione amount measured only a

small amount is present as GSH. Testa et al., found GSH levels of 1.27 + 1.72 uM.””6

i Housely etBlomberg et al., found GSH levels in nasal lavage fluid between 0.6-2.5 uM.

al., found GSH levels between 0.02 and 0.16 uM.” All these authors used

spectrophotometric techniques to measure GSH. Morerecently van der Vliet et al., could not

detect any GSHat all in nasal lavage fluid using a HPLC technique.””” These low levels of

GSH might be explained by the fact that, like the situation in plasma, glutathione is largely

present as GSSG,although Housley et al., could not detect GSSG in nasal lavage fluid.?”?

Furthermore, the low GSH concentration may be due to the formation of mixed disulfides.

These latter may be formed with mucin thiols which are abundantly present in upper

respiratory tract lining fluids.*°
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In addition to earlier reports ascorbic acid levels in nasal epithelial lining fluids have been

refined and estimated at 28 + 19uM.'°'”?°?>?7 Tt should be noted that ascorbate is almost

exclusively present in its reduced form indicating its function as a oxidizable substrate. This

redox state is maintained by reducing mechanismsatthe epithelial surface or by active uptake

of oxidized ascorbate, intracellular reduction and subsequent secretion in extracellular

fluid.?”°

In bronchoalveolar lavage fluid the levels of GSH, vitamin A, and vitamin E, are influenced

by the level of oxidative stress, ic. smoking modulates antioxidant concentrations either

through direct oxidant effect or through an indirect oxidant effect caused by the inflammatory

respons.””* This suggests that this may also betrue for nasal epithelial lining fluid. Although

diesel exhaust exposure has shownto increase the level of vitamin C in the nasal lavage fluid

other investigations have not shown sucheffects.””’ In fact no measurable change in vitamin

C and GSHlevels in nasal lavage fiuid was found after exposure of normal human volunteers

223,226
to O3 compared to exposureto air. Therefore the exact role of GSH and vitamin C as

antioxidants in nasal epithelial lining fluid remainsunclear.

3. Proteins

In addition to the afore mentioned antioxidants, nasal epithelial lining fluid contains a

spectrum of metal binding proteins which serve as antioxidant by either preventing transition

metals to participate in ROS generating reactions or by other antioxidant properties.” The

most important metal binding proteins are albumin, lactoferrin, ceruloplasmin and

transferrin.'*! Albumin is a copper binding plasmaprotein which is secreted in the epithelial

lining fluid under circumstances of increased vascular permeability. Increased vascular

permeability has been observed in nasal and sinus inflammation indicating a role of albumin

in the host defensein these disorders.***’ Also increased oxidant burden caused by ozone has

been shownto increase albumin levels in nasal lavage fluids suggesting increased antioxidant

potential, 230231232

Lactoferrin, a nasal glandular protein, is an important scavengerof iron and presumablykills

bacteria by this action as it has been shown that lactoferrin is both bacteriostatic and

bactericidal to susceptible bacteria.*? During cholinergic stimulation the lactoferrin

concentration rises significantly in nasal lavage fluid.'*?"® Furthermore, the antioxidant

activity of nasal lavage fluid is significantly related to this cholinergic rise in lactoferrin

concentration.”"* Although patients with recurrent sinusitis have high baseline secretions of

glandular products, such as lactoferrin, they have an abnormalcholinergic responses leading
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to diminished mucus and thus lactoferrin secretion. This glandular abnormality may represent

87,234 In addition, activateda diminished antioxidant defense contributing to the disease.

neutrophils, frequently found in sinusitis, produce lactoferrin.’ Also, MPO, an oxidant

producing enzyme expressed by inflammatory cells, has been shown to be significantly

increased in nasal lavage fluid of sinusitis patients.’! This may also suggest an additional

antioxidant effect of lactoferrin. Indeed in patients with sinusitis an increased neutrophil

related titer of lactoferrin has been found comparedto healthy controls.”*°

Antioxidant pharmacotherapy

Reports on antioxidant pharmacotherapy in upper respiratory tract inflammation are sparse.

However, several papers indicate that antioxidant pharmacotherapy may have beneficial

effects on ROS related upper respiratory tract mucosal injury. These papers are discussed

here. In principle there are three ways to cope with oxidantstress. First, by inhibiting the ROS

production. Second, by supply of the endogenous antioxidant systems present in the upper

airways, and third by the use of exogenous antioxidants.

Inhibition ofROSformation

During inflammation superoxide anion radicals are formed by phagocytes in a reaction

catalyzed by the enzyme NADPH-oxidase.’ Although the direct inhibition ofthis free radical

generating system has been extensively described no data are available on theclinical effects

of this inhibition in upper respiratory tract inflammation.”*° Indirect inhibition of the

phagocytic free radical generating system by corticosteroids has been described for

inflammatorylung disease.*’”””* It might be speculated that this mechanism may also account

for chronic upper respiratory tract inflammation as steroid treatmentis effective in chronic

sinusitis and nasal polyps.°* Other indirect inhibitory effects, ic. inhibition of pro-oxidant

cytokines such as TNF and IL-8, on superoxide production have been described for vitamin E

and NAC.Furthermore, NAC inhibits the pro inflammatory transcription factorNEB!

Recently, the antimicrobial ketolides HMR 3004 and HMR 3647, have been shown to

antagonize the injurious effects of phagocyte induced bioactive phospholipids in human nasal

epithelial cells.’ Deferoxamine is an iron chelating compound which has been shown to

protect against ROS damage in lung injury.' In experiments in which rats were exposed to

ozone upperrespiratory tract hyperreactivity was decreased by treatment with deferoxamine

75



ChapterI-3

suggesting prevention of hydroxyl formation from superoxide anions by transition metal

availability. !”

Also treatment with allopurinol, a substrate for the alternative superoxide generating system

xanthine oxidase which prevents superoxide anions to be formed, showed diminished nasal

airway hyperreactivity in rats. He

Supplementation ofendogenous antioxidant systems

Superoxide dysmutase and catalase are not suitable for oral administration as there is no

uptake from the gastrointestinal tract.*“° In contrast, acrosolisation of SOD in sheep has been

showneffective in increasing both the amount of SOD and anti-superoxide anion activity in

epithelial lining Muid.“' This finding might be of importance as in upper respiratory tract

infections levels of mucosal SOD seemsto be impaired. °°” In fact, ciliary slowing of

human respiratory epithelial cells, caused by ROS, could be prevented by incubation of these

cells with SOD and catalase.’° Moreover, catalase and SOD have been shownto prevent ROS

induced hyperreactivity in animaltracheal epithelial cells.'°”

Glutathione is thought to be the major cellular antioxidant. To increase GSH levels within the

cell, the compound needed for GSH synthesis, i.e. cysteine, has to be provided. NAC

provides, after deacetylation, cysteine the precursor for glutathione. Except from contributing

to GSH synthesis, NAC hasalso direct antioxidant properties by scavenging hydroxylradicals

and hypochlorous acid.’ Both species have been implicated in upper respiratory tract

inflammation.’°** Intramuscular NAC has been proven efficacious in the treatment of

maxillary sinusitis in children.”“* Furthermore, GSH given byaerosol to healthy controls and

patients with chronic rhinitis increased the GSH levels in the nasal mucosa significantly in

both groups and improved symptoms dramatically for longer periods of time.’”° In addition,

nebulization with S-carboxymethylcysteine, a derivative of N-acetylcysteine, showed

significant improvement in rabbit sinus mucosa after exposure to oxidative cell damage by

sulfur dioxide.**

Intake of ascorbic acid has been reported to improve hyperreactivity in patients with upper

airway infection.”** In contrast, Fortner et al., found no beneficial effect of relatively high

doses of ascorbic acid on the nasal response to allergen in patients with seasonal allergic

247
rhinitis.””’ Although the opinions about the treatment with ascorbic acid of patients with nasal

allergy differs, clinical studies have shown beneficial effects.” This latter is also true for

the treatment of patients with a commoncold, of which improvement of symptoms has been

250,251
shown. No effect of vitamin C supplementation was observed on nasal mucosal
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dysplasia after exposure of human subjects to ozone containing photochemical smog in a

placebo controlled study.’

The lipophilic antioxidant vitamin E is the main protector of cell membranes against the

process of lipid peroxidation. In principle vitamin E should be considered as a compound

suitable for antioxidant pharmacotherapy. However, elevation of tissue vitamin E levels is

very slow when supplemented dietary. This makes vitamin E unsuitable for the treatment of

acute diseases.' The role of supplementary vitamin E in the treatment of upperrespiratory

tract inflammation is unclear. It has been suggested that dietary antioxidants, amongst which

vitamin E, have antioxidant effects in nasal mucosa exposed to air pollution, thereby

preventing allergic rhinosinusitis to occur.” This suggestion may be supported bythe fact

that PAF induced hyperresposiveness in the human nasal airway can almost be completely

prevented bypretreatment with vitamin E.'” However, in a double-blind randomized, placebo

controlled clinical trial using 100 international units of vitamin E in patients exposed to

oxidant containing photochemical smog no beneficial effects were seen on the development

of mucosal damage.”°?

Exogenous antioxidants

The topical or systemic administration of exogenous antioxidants for upper respiratory tract

inflammation in humans has to our best knowledge not been reported in Anglo-Saxon

literature. However, there is some circumstantial evidence that some compounds may be used

in this respect. Diminished lipid peroxidation was observed in a rat model after intraperitoneal

injection of a lazaroid U-74389G which is known as a antioxidant. Furthermore, the nasal

decongestants oxymetazoline and xylometazoline have been shown to have specific

antioxidant effects in vitro. A dose dependentinhibition of oxidative burst by leukocytes has

been reported by oxymetazoline and xylometazoline.”’ In addition, both compounds proved

to be potent scavengers of hydroxyl radicals, and oxymetazoline but not xylometazoline

showed dose dependentinhibition of lipid peroxidation.*’ Finally nasal decongestants have

been shown to cause reduced nitric oxide levels in the nasal airways. A feature occurring

mainly as result of inhibition of the induction of iINOS.”!

Although the role of antioxidant pharmacotherapy in upper respiratory tract pathologyis far

from clear, a beneficial role may be anticipated. Further research need to be performed using

selective pharmacotherapeutics alone or in combination with others.
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Chapter H-1

Abstract

Although chronic upper airway infections occur frequently in man, the pathogenesis is not

clear. As imbalances between oxidant formation and antioxidative defense are associated with

the pathogenesis of several chronic inflammatory disorders of the respiratory tract, a role of

oxidative stress in chronic upper airway infections can be anticipated. It was hypothesized

that in chronic sinusitis a reduced antioxidative tissue status may be present.

The levels of three biologically important antioxidants, i.e., glutathione (reduced (GSH) and

oxidized (GSSG)), uric acid and vitamin E, were determined biochemically in mucosal

biopsies from the uncinate process ofpatients with chronic sinusitis and healthy controls.

Inflamed mucosa was obtained from 9 patients with chronic sinusitis during functional

endoscopic sinus surgery. Normal mucosa was collected from 10 healthy controls during

surgery for nasal obstruction. The data show significant reduction (p < 0.05) of GSH levels

(0.3 +0.1 pmol/g wet weight) and uric acid levels (2.7 + 0.4 umol/ g wet weight) in mucosa

obtained from patients with chronic sinusitis compared to healthy controls ( 0.6 + 0.2 and 3.4

+ 0.6 pmol/ g wet weightrespectively). No difference was found in GSSG (24 + 8 vs 25 + [5

nmol/ g wet weight) and vitamin E (20.5 + 7.9 vs 22.5 + 6.9 nmol/ g wet weight) levels

between both groups. It was concluded that reduced levels of both GSH and uric acid in

patients with chronic sinusitis lead to a diminished antioxidant defense, which may be

associated with the pathogenesis. Vitamin E seems less important. This concept may offer

perspectives for pharmacotherapeutic intervention with antioxidants.
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Introduction

Chronic upper airway infections are inflammatory disorders of the (para-)nasal respiratory

mucosa, clinically characterized by nasal obstruction, (purulent) nasal discharge, headache

and anosmia. Although several factors such as modifications of nasal secretions, deficiency of

mucociliary clearance, immunodeficiencies and anatomic abnormalities are thought to be

involved, the exact pathogenesis is unclear.

Reactive oxygen species (ROS), like the superoxide anion radical (O2") and the hydroxyl

radical (OH), which are produced byactivated granulocytes during the respiratory burst, play

an important role in mucosal defense against invading microorganisms.' However, relative

overproduction of ROS, which occurs in inflammation, can also cause severe oxidative tissue

damage.” To prevent this oxidative damage, the mucosa contains a broad spectrum of

naturally occurring protective antioxidants. A disturbance in the delicate balance between

oxidant production and local antioxidant defense, also known as oxidative stress, may result

in pathological conditions. For chronic inflammatory disorders of the lungs, like asthma and

chronic obstructive pulmonary disease, these imbalances between oxidant formation and

antioxidative capacity have been implicated in the pathogenesis.”* Moreover, the importance

of sufficient mucosal antioxidant defense in pulmonary inflammation has been stressed

repeatedly.”° As inflammatory disorders of the upper- and lower respiratory tract are

pathophysiologically related, i.e., the relationship between chronic sinusitis and bronchial

asthmais well-known’, a role of oxidative stress in the pathogenesis of chronic upper airway

inflammations can be anticipated.

In the present study it was hypothesized that reduced antioxidant levels, which can lead to

oxidative stress, may be present in chronically inflamed nasal mucosa. Therefore, we

investigated the antioxidant defense systems, viz., glutathione, uric acid and vitamin E in the

nasal mucosa of patients with chronic sinusitis and healthy controls. In addition, the activity

of xanthine oxidase, the enzyme responsiblefor uric acid synthesis, was examined.

Materials and Methods

Collection ofhuman nasal mucosa

Subjects

The subjects studied in these experiments were either patients suffering from chronic sinusitis or healthy

volunteers, The study protocol was approved by the institutional medical ethical committee and informed

consent was obtained from all subjects of which nasal mucosa wascollected. Patients (n = 9, 6 males, 3 females,

age ranging from 23 to 65 years, mean 47 years) all suffered from nasal obstruction, headache, and nasal
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discharge for more than 3 months. All patients were diagnosed to have a chronic rhinosinusitis which was

objectified by a computerized tomogram (CT) of the paranasal sinuses, which showed opacification of the

paranasal sinuses including the anterior ethmoid. All patients were tested for allergy using a skin-pricktest (a

panel of graspollen, treepollen, animal dander and house dust mite wastested), a radio-allergosorbent (RAST)

test and a total IgE test. None of the patients showed any signs of an atopic constitution. Moreover, no patient

suffered from any other known disease. All patients were non-smokers and none of them had used any

medication or dietary vitamin supplementation for at least 3 months prior to the investigation. All patients

underwentfunctional endoscopic sinus surgery, and mucosal specimensof the osteomeatalarea, i.e. the uncinate

process, were obtained during surgery. On all specimens histopathologic examination was performed, showing

chronic inflammation and eosinophilia in all cases. The controls (n = 10, 9 males, 1 female, age ranging from 26

to 51 years, mean 37 years) were healthy volunteers who were operated on for complaints of nasal obstruction

caused by either a nasal septum deviation (n = 5) or hypertrophyofthe inferior turbinate

(n = 5). Of the controls 6 were smokers and 4 were non-smokers. None of the controls had suffered from

sinusitis or rhinitis during the last year and none of them used medication or dietary vitamin supplementation

during the last 3 months before entering the study. Mucosal specimens from the controls were obtained from the

osteomeatal unit, i.e. the uncinate process, during surgery.

Sample preparation

Immediately after surgery all mucosal specimens were homogenized (10 mg/ml) in ice cold phosphate buffered

saline. Than the samples were split for the various antioxidant determinations, snap frozen, and stored in an acid

environment at -80°C until further use. The enzymatic catabolism by the enzyme y-glutamyltranspeptidase as

well as the spontaneous degradation of glutathione were prevented by storing these samples in an acid

environment.®

Antioxidant assays

Glutathione assay

Reduced (GSH) and oxidized (GSSG)glutathione levels were measured with minor modifications according to

the microtiter plate assay described by Baker and co-workers.’ The method is based on the enzymatic recycling

reaction of GSH and GSSG combined with a chromogenic reaction of 5,5’-dithiobis(2-nitrobenzoic acid)

(DTNB)to the thiolate anion (TNB). In short, 191.4 pl sample homogenate was mixed with 8.6 ul perchloric

acid (70 %; DBH Laboratories Supplies, Poole, UK). For the determination of GSSGthethioalkylating agent N-

ethylmaleimide (NEM)(stock solution: 110 mM; Sigma Chemical Co., St. Louis, Missouri, USA) was added to

the sample. For the determination of total glutathione 20 ul water was added. To adjust the pH for alkaline

hydrolysis all samples were treated with 66 pl potassium phosphate (3 M, pH = 13; Merck, Darmstadt,

Germany). After 15 mins all samples were neutralized with 99 ul of 10 % (v/v) perchloric acid. After

centrifugation (10 mins, 11.000 x g at 4° C) 50 ul supernatant of each sample was mixed with 100 ul reagent

containing 0.2 mM NADPH (Boehringer Mannheim, Germany), 0.15 mM DTNB (Jansen Chimica, Geel,

Belgium) and 1 unit/ml GSSGreductase (Sigma) in a microtiter plate. Glutathione measurements were done by

using an Argus 400 microplate reader (Canberra Packard, Tilburg, The Netherlands) The settings were, single
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wavelength kinetics with a 405 nm filter and a read out after 10 mins. The formation rate of TNB per minute

indicates either the total glutathione or the GSSG concentration of the sample. Standard curve data, for GSH.

(Sigma) and GSSG (Sigma), were obtained in the same fashion as the sample data. Levels of GSH and GSSG

were expressed as mol per gram wet weight and nmolper wet weight respectively. To determine the GSH

concentration the numerical difference betweenthe total glutathione concentration and the GSSG concentration

was calculated.

Uric acid assay

This spectrophotometric methodis based onthe ability of the enzyme uricase to irreversibly metabolize uric acid

to allantoin.'” The homogenates were centrifuged at 11.000 x g (10 min at 4° ). Subsequently 50 ul of the

supernatant was placed into 450 pl of 0.7 M glycine buffer (pH = 9.4; Sigma) after which the absorption of uric

acid at 292 nm was determined using an Ultraspec 2000 spectrophotometer (Pharmacia Biotech, Cambridge,

UK). After adding 10 ul of uricase (stock solution: 1 unit/ml; Sigma) and allowing the reaction to proceed for

10 mins at 25° C the absorption was again determined at 292 nm. A uricase blank was subtracted from

determinations containing this enzyme andall values were corrected for non-uric acid absorption. The difference

in absorbance before and after addition of the excess of uricase was measured which indicated the uric acid

concentration. The standard curve data for uric acid (Janssen) were obtained in the same fashion as the sample

data. Uric acid levels were expressed as pmol per gram wet weight.

Vitamin E assay

This method is based onthe extraction of vitamin E from the cell membrane into the apolar solvent heptane

and determined by meansof a high performance liquid chromatograph (HPLC) (Gilson 305 pump, Gilson 232

sample injector, Gilson dilutor 401; Gilson, Villiers, France) with fluorometric detection (excitation 295 nm,

emission 340 nm; Perkin Elmer 3000 Fluorescence Spectrometer, The Netherlands). In short, 200 pl sample

homogenate was mixed (1 min) with 2 ml of phosphate buffer (50mM, pH = 7.4) containing 0.1 mM EDTAand

1 ml solubilization solvent containing 100 mM sodium dodecyl sulphate (USB, Cleveland, Ohio, USA), 5mM

EDTA and 5mMascorbic acid (J.T. Baker). Then 3 ml of ethanol (J.T. Baker) and 4ml of n-heptane (HPLC-

grade; J.T, Baker) were added after which the samples were thoroughly mixed for 20 mins (Griffin Flash Shaker,

London, UK). Centrifugation (Smins,1500 x g at 4° C) was carried out to obtain phase separation. Three

milliliters of the heptane (supernatant) were transferred into an incubation tube after which the heptane was

evaporated at 60° C under a continuous nitrogen flow. Finally the residue was dissolved in 200 pl methanol

(HPLC-grade; J.T. Baker) of which 30 ul wasinjected onto a reversed phase C18 nucleosil column (Chrompac,

Middelburg, The Netherlands) and eluted with 98 % methanol at a flow rate Of 0.6 ml/min. Levels of vitamin E

were calculated from the height of the vitamin E peak in the chromatogram and expressed as nmol per gram wet

weight. Data for a standard curve of vitamin E (Merck) were obtained in the same fashion as the sample data.

Xanthine oxidase assay

This spectrophotometric method is based on the reduction of cytochrome C by superoxide anionradicals which

are formed during the conversion of xanthine to uric acid catalyzed by xanthine oxidase.’ All sample

homogenates were centrifuged at 11.000 x g (10 mins at 4° C). Before each measurement 2.5 ml substrate
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containing 60 41M xanthine (Sigma) and 11.8 1M Fe’ -cytochrome C (from horse heart, Sigma) was incubated

for 10 mins at 25° C. The reaction was started by adding either 500 pl sample supernatant or 500 pl xanthine

oxidase (stock solution: 0.0214 units/ml; Sigma, to obtain the standard curve). The formation rate per minute of

reduced Fe” cytochrome C, which can be measured spectrophotometrically at 550 nm (PU8720 UV/VIS

scanning Spectrophotometer, Philips, Eindhoven, The Netherlands), indicates the activity of the enzyme

xanthine oxidase.

Statistics

For each determination all tissue samples were measured in duplicate, the standards were measured in triplicate.

Intergroup comparisons were made by using an unpaired Student’s t test . The criterion for statistical

significance was set at p < 0.05,

Results

Determination ofreduced and oxidized glutathione

The mean GSH value + S.D.in the patient group was 0.3 + 0.1 mol/g wet weight.This was

significantly lower (p < 0.05) than the mean GSH value + S.D. in the control group which was

0,6 + 0.2 umol/g wet weight (Figure 1), The mean GSSG value + S.D., 24 + 8 nmol/g wet

weight or the patient group and 25 + 15 nmol/g wet weight for the control group, did not

differ significantly between the two groups.

Determinationofuric acid

The allowed reaction time (10 mins) for uricase to irreversibly convert uric acid to allantoin

gave a total disappearance of the absorption peak at 292 nm for all samples and standard

curve concentrations. This proved that in this time-period all uric acid was converted and the

absorbance at 292 nm reflects the uric acid concentration.

The mean value + S.D. of uric acid was 2.7 + 0.4 umol/g wet weight for the patient group and

differed significantly (p < 0.05) from this value for the control group, which was 3.4 + 0.6

umol/g wet weight. (Figure 2).

Determination ofvitamin E

The mean value + S.D. of vitamin E in the samples of patients with chronic upper airway

infections (20.5 + 7.9 nmol/ g wet weight) and in the samples of the healthy controls (22.5 +

6.9 nmol/g wet weight) did not differ significantly.
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Determination ofxanthine oxidase (XO)

None of the samples demonstrated any measurable xanthine oxidase activity (lower limit of

detection, 4.2 x 10” U XO/g wet weight).

For all determinations (GSH,GSSG,uric acid, vitamin E) no significant difference was found

between smokers and none-smokersin the control group. Therefore, despite the small sample

size of smokers and non-smokers in the control group, smoking did not seem to confound the

results of any of the determinations.

Discussion

Oxidative stress is an important causal factor in a number of diseases. For example, in

atherosclerosis, carcinogenesis, theumatoid arthritis and several pulmonary disorders oxidants

haye a significant contribution in the pathogenesis."* From asthmatic patients, for instance,it

was shownthat alveolar macrophages and hypodense eosinophils produce increased amounts

of superoxide anion radicals.'“'> The role of oxidants in the pathogenesis of asthma is

interesting because the pathophysiology of asthma and of chronic upper airway infections are

related.’ Important in the relationship between chronic inflammatory diseases of the upper

18 te isairways and asthmais the eosinophil which acts as an effector cell in these disorders.

known that the production of potentially toxic secretory products of eosinophils, like major

basic protein and eosinophil cationic protein,is associated with chronic inflammatory diseases

of the (para-) nasal respiratory mucosa. 17-19 \oreover, oxidant mediated ciliary dysfunction of

humannasalciliated epithelium and toxic effects of human eosinophil peroxidase to cultured

nasal epithelial cells have been described.'°”° In order to deal with the deleterious effects of

an increased oxidant generation, the mucosal antioxidant defense has to be intact. Pulmonary

tissue and pulmonaryepithelial lining fluid have been shown to contain a broad spectrum of

antioxidantactivity.”

In nasal secretions glutathione, ascorbic acid and uric acid are knownto occur and especially

uric acid is thought to be a major antioxidant in human nasal airway secretions.!°?!”? Except

for uric acid, which has been demonstrated to occur in nasal mucosa 25 considerably less is

known about the antioxidative state of nasal mucosa, in particular during inflammatory

conditions.
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Figure 1. The levels of GSHin nasal mucosa of healthy controls (n = 10) and patients

with chronic sinusitis (n = 9) expressed as mol/g wet weight. The individual data points
(smokers (CJ), non-smokers (M)) are shown. The mean GSHvalue (bar) in the patient

groupis significantly lower (p < .05) as compared to the mean value (bar) found for the

control group.
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Figure 2. The levels ofuric acid in nasal mucosa ofhealthy controls (n = 10) and

patients with chronic sinusitis (n = 9) expressed as umol/g wet weight. The

individual data points (smokers (1), non-smokers (MH)) are shown. Inthe patient

group the meanuric acid level (bar) is significantly lower (p < .05) as compared to
the mean value (bar) found for the contro! group.
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In the present study we assessed the concentrations of the antioxidants: glutathione, uric acid

and vitamin E, in nasal mucosa of patients with chronic sinusitis and compared the results

with the results found in nasal mucosaofhealthy controls. It was expected to find a reduced

antioxidative defense in the inflamed mucosaofpatients with chronic sinusitis.

GSH wasindeed significantly lower (p < 0.05) in the nasal mucosa of patients with chronic

sinusitis compared to controls. This might be explained by the fact that during inflammation

an increased oxidant production leads to consumption of GSHthrough direct scavenging of

ROS. Moreover, conversion of GSH to GSSGin the GSH redox cycle as a result of the GSH-

peroxidase activity occurs. The expected increase in GSSG, however, could not be shown, a

feature which might be dueto the cellular efflux of GSSG tothe circulation and the reduction

ofGSSG by the enzyme GSSG reductase."

Uric acid was also found to besignificantly lower (p < 0.05) in the patient group compared to

the control group. The mean uric acid concentration we found was 3.4 umol/g wet weight for

the healthy control group, which is approximately 7 times higher than found by Peden and co-

workers, which is a difference we cannot explain.”* Uric acid is a very powerful radical

scavenger. In addition, uric acid prevents the oxidation of vitamin C and binds transition

metals in forms that will not stimulate free radical reaction.”. This ‘sacrificial’ behavior,

which means that uric acid is irreversibly degraded, may explain the fact that uric acid is

lowered under inflammatory conditions by increased oxidant generation. Additionally, we

investigated the levels of the uric acid producing enzyme xanthine oxidase. However, the

nasal tissue did not show any presence ofthis enzyme, which is in accordance with the

findings of Peden and co-workers.” This suggests that uric acid is not locally formed but

taken up bythe nasal glands from the peripheral blood.

Vitamin E levels did not differ significantly between the patient group and the control one.

Although vitamin E represents the principal defense against oxidant induced lipid

peroxidation in the lipophilic compartment of cellular membranes, the consumption of

vitamin E begins when the other antioxidants have been consumed.In addition, vitamin C and

GSH seem to be able to regenerate vitamin E from its radical.”° This may explain that our

results do not show

a

relationship between nasal inflammation, and vitamin

E

tissue level.

In conclusion, the reduced levels of GSH anduric acid in the nasal mucosa of patients with

chronic sinusitis, compared to healthy controls, reflect an impaired antioxidant defense which

may be associated with the pathogenesis. This concept may offer perspectives for

antioxidative pharmacotherapeutic intervention.
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Abstract

The exact pathogenesis of chronic upper respiratory tract inflammation is, although

multifactorial, still unclear. Oxidative stress, which represents an imbalance between oxidant

generation and antioxidant defense, has been associated with the pathogenesis of chronic

inflammatory disorders such as chronic sinusitis and nasal polyps. Alterations in the blood

concentrations of the biologically important antioxidants, glutathione, vitamin E and uric acid,

were determined in erythrocytes and blood plasmaof patients with chronic sinusitis, patients

with nasal polyps and healthy controls. In addition in the same subject groups the bloodlevels

of the total antioxidant capacity were investigated and expressed as TEAC. The data show

(presented as mean + SD)a significant reduction (p< .05) in total glutathione level in blood

samples obtained from patients with chronic sinusitis (1977 + 480 uM) and patients with

nasal polyps (2088 + 417 uM) compared to the control group (2335 + 343 pM). Also a

significant reduction (p< .05) in vitamin E level was found in patients with chronic sinusitis

(16 + 12 g/mmoltriglyceride) when compared to healthy controls ( 24 + 14 g/mmol

triglyceride). This could not been shown for patients with nasal polyps (19 + 10 g/mmol

triglyceride). Uric acid levels were found to be significantly higher (ps .05) in blood samples

of patients with either chronic sinusitis (291 + 71 uM) or nasal polyps (282 + 72 uM)

compared to the values of healthy controls (214 + 58 uM). Total TEAC levels did not differ

between the blood samples of patients chronic sinusitis (411 + 106 1M), patients with nasal

polyps (384 + 80 uM)and healthy controls (429 + 81 1M). However, the residual antioxidant

capacity, obtained after subtraction of the contribution of uric acid from the total TEAC,

showeda significant reduced (p< .05) level in patients with chronic sinusitis (128 + 87 1M)

and patients with nasal polyps (102 + 74 uM) compared to the healthy controls (216 + 56

uM). In conclusion, the altered levels of glutathione, vitamin E, and residual TEAC may

reflect an impaired antioxidant defense in patients with a chronic inflammatory disorder of the

upper respiratory tract which may be implicated in the complex multifactorial pathogenesis.

Increased uric acid levels might be due to oxidative stress induced xanthine oxidase activity.

These findings offer perspectives for pharmacotherapeutic intervention with antioxidants.
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Introduction

Chronic upper respiratory tract infections, such as chronic sinusitis and nasal polyps, are

frequently occurring disorders which are clinically characterized by nasal congestion,

(purulent) nasal discharge, headache, and hyposmia.In the Netherlands, in 1998, 8.9 % of the

population, approximately 1.4 million patients, suffered from chronic upper airway

inflammation.’ In 1990 the prevalence was 6.4 %, indicating that the prevalence is rising.”

Although several factors, alone or in combination, such as, anatomic variations, disturbances

in mucociliary clearance, modifications in nasal secretions, and immunodeficiencies, are

thought to be involved, the exact pathogenesis of chronic upperrespiratorytract infections has

not been elucidated.**

During mucosalinflammation, activated granulocytes generate reactive oxygen species (ROS)

such as superoxide anion radicals and hydroxyl radicals via the respiratory burst, which

defend the mucosa against invading microorganisms. In contrast, ROS have been shown to

cause tissue injury by damaging, cellular proteins, membrane poly-unsaturated fatty acids,

nucleic acids in DNA, and cytosolar carbohydrates, leading to cellular dysfunction and

eventually cell death.’ To prevent this oxidative cell damage to occur, the respiratory

mucosa contains a broad spectrum of antioxidant defense mechanisms.* Under physiologic

conditions the ROS production is balanced by the antioxidant defense. Disturbance of this

delicate balance, also known as oxidative stress, may result in pathologic conditions. For

chronic inflammatory diseases in the lungs, such as asthmaor chronic obstructive pulmonary

disease, a role of oxidative stress in their pathogenesis has been established.”'°"'

Inflammatory disorders of the upper respiratory tract and the lungs are pathophysiologically

related. For instance, the relationship between chronic sinusitis and bronchial asthmais well

known.” Therefore a role of oxidative stress in the pathophysiology of chronic upper airway

inflammation may be anticipated.

Indeed, in patients with chronic sinusitis increased levels of myeloperoxidase (MPO) a

neutrophil-derived ROS producing enzyme, are found in nasal lavage fluid (NAL) compared

to healthy controls.'* This indicates an increased ROS production. Moreover, in patients with

chronic sinusitis significant diminished mucosal levels of reduced glutathione (GSH) and uric

acid were found indicating impaired mucosal defense against ROS attack.'* Furthermore,

significantly higher levels of malondialdehyde (MDA), a marker of ROS induced lipid

peroxidation, has been observed in human nasal polyp tissue.'” Underthese circumstancesin

which ROS threat to overwhelm the antioxidant capacity of upper respiratory tract mucosait

can be expected that the mucosal cells recruit additional antioxidant resources from the
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circulating blood. In fact, uric acid is been thought to be taken up by nasal glands from

plasma, as xanthine oxidase, the enzyme responsible for uric acid synthesis, cannot be

detected in the nasal mucosaitself.'° In the present study it was hypothesizedthat alterations

of blood antioxidants may occur due to consumption of these antioxidants by the chronically

inflammed mucosa of the upper respiratory tract. By this means these antioxidants can be

used as markers of oxidative stress. Therefore, we investigated the antioxidants levels oftotal

glutathione, uric acid, and vitamin E, in the blood of patients with chronic sinusitis and

patients with nasal polyps and compared them to the levels of healthy controls. In addition the

total plasma antioxidant capacity, expressed as TEAC, in these patient groups was

determined.

Subjects, materials, and methods

Subjects

The subjects studied in these experiments were either patients with chronic sinusitis, patients with nasal polyps

or healthy controls. The study protocol was approved by the institutional medical ethical committee of the Vrije

Universiteit medical center Amsterdam, The Netherlands, and informed consent was obtained from all

participating subjects.

The controls (n = 18, 8 males and 10 females; age range 18-42 years, mean age, 28.8 years) were healthy

volunteers who underwent corrective surgical procedures of the upper and lower jaw performed bythe

maxillofacial surgeons. Noneofthe controls had suffered from upper airway inflammation during the past year

and none of them was known with an atopic constitution. On rhinologic examination in none of the controls

abnormalities were seen. All of the controls were non-smokers. Patients with chronic sinusitis (n = 42, 25 males

and 21 females; age range 22-59 years, mean age, 39.5 years) and patients with nasal polyps (n = 46, 30 males

and 16 females; age range 25-69 years, mean age, 45 years) all had complaints of nasal obstruction, headache,

and recurrent nasal discharge for more than 3 months. In all patients the diagnosis was confirmed on nasal

endoscopy and by a computerized tomogram (CT)of the paranasal sinuses, which showed opacification of the

paranasal sinuses including the anterior ethmoid. All patients were tested for allergies using 4

radioallergosorbenttest and a total IgE test. Patients were considered positive whenthe total blood IgE level was

higher than 100 U/ml anda positive reaction was seen in one or more allergens from the radioallergosorbenttest

(a panelof grass pollen, tree pollen, animal dander, and house dust mite was used). Of the patients with chronic

sinusitis 12 patients showed positive reactions and 30 were negative. Of the patients with nasal polyps 24

patients showedpositive reactions and 22 were negative. Ten of the patients with chronic sinusitis smoked and

32 were non-smokers. Of the patients with nasal polyps 7 smoked and 39 did not. None of the subjects, controls

and patients, used medication or any dietary vitamin or other antioxidant supplements during the 3 months prior

to the study. None of the subjects suffered from any other known disease.
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Sample preparation

Venous blood was drawn from the cephalic vein using a venoject system®, Samples for vitamin E and

triglyceride determinations were collected in non coated reagent tubes. Uric acid samples were collected in

heparin gel tubes and gluthatione samples in heparin coated tubes. All tubes were centrifuged at 1500 rpm for 10

min, Plasma for vitamin E, triglyceride, and uric acid determination was snap frozen and stored at —80°C until

further use. In the gluthatione samples erythrocytes were separated from the plasma. The plasma was snap frozen

at -80°C and usedfortotal antioxidant capacity assay. The erythrocytes were lyzed by Symex"™ quicklyzer (Toa

Medical Electronics Co., LTD, Kobe, Japan) after which the lyzate was centrifuged at 3000 rpm for 10 min. The

supernatant was snap frozen and stored in an acid environment at -80°C until further use.

Antioxidant assays

Chemicals

NADPH, glutathione reductase, 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), RRR-a-

tocopherol (vitamin E), (+)-a-tocopherol nicotinate (vitamin E nicotinate) and uric acid were obtained from

Sigma Chemical Co., St. Louis, USA. 5'5'dithiobis 2-nitrobenzoic acid (DTNB)and reduced glutathione (GSH)

were obtained from ICN Biomedicals Inc. Costa Mesa, USA.2,2’-azino-bis(2-amidinopropane) dihydrochloride

(ABAP) was obtained from Brunschwig Chemicals, Amsterdam, The Netherlands. All other chemicals were

from analytical purity.

Glutathione assay

Total glutathione was determined using the recycling method.'’ To 50 p11 of a lysed erythrocyte sample (stored in

presence ofsulfosalicylic acid in a final concentration of 1.3 %) 100 pl ofa 0.4 mM NADPH/ 0.3 mM DTNB

solution in 143 mM phosphate buffer pH 7.4, containing 6.3 mM EDTA,is added in a 96- well plate. Then the

reaction is started by adding 50 ul of a solution containing 4 U/ml glutathione reductase. The increase of the

absorption (AA/min)is followed for 2 minutes at 405 nm, The AA/minof the samples is comparedto that ofthe

calibrators and the concentration oftotal glutathione is calculated.

Uric acid assay

Uric acid was determined in plasma ultra filtrates using a HPLC method described by Lux et al.'* with minor

modifications. Two hundred pl plasma wasfiltered over a 3 kD filter unit (Centrex UF 0.5, Schleicher &

Schuell, Dassel, Germany) by centrifugation for 45 minutes at 14.000 x g and 4 °C. 25 ulof the filtrates was

analyzed on the HPLC. The system (Agilent, Palo Alto, CA, USA) consisted of an Hypersil BDS C-18 end-

capped column, 125 x 4 mm,particle size 5 um (Agilent, Palo Alto, CA, USA) with a mobile phase of 5 mM

sodium phosphate buffer pH = 3.3. Detection was performed using a variable wavelength detector set on a

wavelength of 292 nm. Plasma concentrationsuric acid were calculated using a calibration curve ofuric acid.

Vitamin E assay

Vitamin E concentrations in plasma were determined using a HPLC method. Vitamin EF was extracted from the

plasma by adding to 100 ul plasma, 20 yl internal standard (vitamin E nicotinate, 200 g/ml), 1 ml water and 2
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ml ethanol. After shaking for 5 minutes, 3 ml hexane was added and the mixture was shaken again (10 min.).

The hexane layer was evaporated and the residue was dissolved in 100 pl isopropylalcohol. The analysis was

performed using a HPLC system equippedwith a variable wavelength detector, set on 295 nm, and a Nucleosil

C18 column, 125 x 4 mm,particle size 5 pm (Agilent, Palo Alto, CA, USA). Samples were eluted with 99 %

methanol. Plasma concentrations were calculated using a calibration curve of vitamin E. Vitamin E levels were

expressed per mmoltriglyceride. The triglyceride content was determined using a commercially available kit

(Sigma Diagnostics, Sigma Chemical Co., St Louis, USA). Triglycerides are first hydrolyzed by lipoprotein

lipase to glycerol and free fatty acids. Glycerol is than phosphorylated by adenosine triphosphate forming

glycerol-1- phosphate and adenosine-5-diphosphate in the reaction catalyzed by glycerol kinase. Glycerol-1-

phosphate is than oxidized by glycerol phosphate oxidase to dihydroacetone phosphate and hydrogen peroxide.

The amount of hydrogen peroxide formed is quantified by the formation of a quinoneimine dye from 4-

aminoantipyrine and sodium N-ethy!-N-(3-sulfopropy])-m-aniside, catalyzed by a peroxidase. The increase in

absorbance at 540 nm due to the formation of the quinoneimine dye is directly proportional to the triglyceride

concentration in the sample. Glycerol is used as standard.

Total antioxidant capacity assay

The total antioxidant capacity assay was carried out as described by van den Berg ef al. with some

modifications.’ The ABTS” radical was produced byincubating a solution of 0.23 mM ABTS and 2.3 mM

ABAPin 100 mM sodium phosphate buffer pH 7.4 at 70°C until the absorption of the solution at 734 nm was

between 0.680 and 0.720. Plasma samples were deproteinated by adding to 100 il plasma 100 1] of a solution of

10 % (wiv) trichloro acetic acid. After centrifugation (14.000 x g 5 minutes) the supernatant was used for the

analysis. 950 of the ABTS™radical solution was preheated for 1 minute at 37°C. Then 50 of the sample was

added andafter incubating for 5 minutes the absorption (A) at 734 nm was measured. The decrease in absorption

after 5 minutes of the samples, subtracted from that of the blank (buffer), was related to the decrease in

absorption of trolox standards. The TEAC value gives the concentration of trolox needed to get a similar

decrease in absorption as found for the sample.

Statistics

For each determination each sample was measured in duplicate and the standards were measured in triplicate.

Intergroup comparisons were made using a two tailed Studentf test. The criterion for statistical significance was

set at ps .05.
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Results

Bloodtotal glutathionelevels.

The mean (+ SD)total glutathione value in the sinusitis group was 1977 + 480 uM. The mean

(£ SD)total glutathione valuein the nasal polyps group was 2088 + 417 1M. Both levels were

significantly lower (p< .05) than the mean (+ SD)total glutathione value in the control group,

which was 2335 + 343 uM(Figure 1).
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Figure 1. The levels of total glutathione in blooderythrocytes of healthy controls (n = 18),

patients with chronic sinusitis (n = 42) and patients with nasal polyps (n = 46). The mean

glutathione values of the patient groups were significantly lower (p < .0S) than the mean value

found for the control group.

Blood plasma vitamin E levels

The mean (+ SD) vitamin E level in the sinusitis group, 16 + 12 g/mmol triglyceride, was

significantly lower (ps .05) than the vitamin E level in the control group, 24 + 14 g/mmol

triglyceride. The vitamin E levelin the nasal polyps group, 19 + 10 g/mmol triglyceride, was

not significantly different fromthat of the control group (Figure 2).

Blood plasmauric acid levels.

The mean (+ SD)uric acid level in the sinusitis group was 291 + 71 uM. The mean (+ SD)

uric acid level in the nasal polyp group was 282 + 72 uM. Both levels were significantly
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higher (p< .05) than the mean (+ SD) uric acid level in the control group, which was 214 + 58

uM (Figure 3).

Bloodplasma TEAClevels

The mean (+t SD) TEAClevels in the sinusitis group, 411 + 106 uM,and in the nasal polyp

group, 384 + 80 uM werenotsignificantly different from the TEAC levels in the control

group, 429 + 81 uM.
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Figure 2. The levels of vitamin E in blood plasmaofhealthy controls (n = 18), patients with

chronic sinusitis (n = 42) and patients with nasal polyps (n = 46). The mean vitamin E value of

the chronic sinusitis group was significantly lower (p < .05) than the mean value found for the

control group. For the nasal polyps group no significant difference could be found.

Non urate antioxidant capacity

Although the total TEAC levels between the groups does not differ significantly, the

contribution of uric acid to the TEAC value rises in the sinusitis-, and nasal polyps groups

(Figure 3). Furthermore, there is a simultaneous. significant decrease (ps.05) in residual

plasma antioxidant capacity (mean + SD)in the sinusitis (128 + 87), and the nasal polyps

group (102 + 74) comparedto the control group (216 + 56) (Figure 4).
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Figure 3. Thelevels of total TEAC and uric acid (UA) in blood plasma of healthy controls (n = 18),

paticnts with chronic sinusitis (n = 42) and patients with nasal polyps (n = 46). The meantotal

TEAClevels of the patient did notdiffer from the mean value found for the control group. However,

meanuric acid levels were significantly higher (p < .05) in the chronic sinusitis and nasal polyps

group comparedto the control group.

The influence of smoking and atopic constitution on glutathione, uric acid, vitamin E and

TEAClevels in patients with chronic sinusitis and nasal polyps.

For all determinations (total glutathione, vitamin E, uric acid, and TEAC) no significant

difference was found between smokers and nonsmokers and atopics and nonatopics withinthe

sinusilis-, and nasal polyps groups. Therefore, ncither smoking nor atopic constitution did

secm to confoundthe results of any of the determinations.

Discussion

Oxidative stress is an important causal factor in a number of diseases. For example, in

atherosclerosis, carcinogenesis, rheumatoid arthritis and several pulmonary disorders,

oxidants significantly contribute to the pathogenesis.° Especially in patients with chronic

inflammatory pulmonary diseases, the pathogenetic role of oxidants is interesting because the

upper and lower respiratory tract form a pathophysiologic continuum.'* Upper airway

mucosal surfaces are subjected to various sources of oxidantstress.
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Figure 4. The levels of residual TEACin blood plasma ofhealthy controls (n = 18), patients with

chronic sinusitis (n = 42) and patients with nasal polyps (n = 46), The residual TEACvalueis the

TEACofplasma that doesnot originate from uric acid. The mean residual TEAC values ofboth

patient groups were significantly lower (p < .05) than the mean value foundfor the control group.

Beside external sources, such as air pollution, tobacco smoke and even pure oxygen,

endogenously produced oxidants, mainly generated by inflammatory cells, may damage the

epithelium. To defend the mucosa against oxidative damage, cells and extracellular fluids

contain a variety of antioxidants, some of which are non-enzymatic free radical scavengers,

others that prevent radical formation, and others that enzymatically detoxify ROS.”° In the

upper respiratory tract, antioxidants have been shown to occurin the mucosa andin epithelial

lining fluid.'**' Although the exact role of antioxidants in upper respiratory tract

inflammationis not clear, it has been shownthat antioxidant concentrations in either epithelial

lining fluid and mucosa may change under inflammatory conditions indicating a

pathophysiological role.'*777>*

As the determination of antioxidant levels in upper respiratory tract mucosa and epithelial

lining fluid is often technically difficult, antioxidant determinations in plasma are more

convenient and may accordingly be used as markers of upper airway inflammation. In healthy

volunteers blood levels of urate, glutathione, and vitamin E have been determined.”

Moreover plasma TEAC levels have also been established.2>* However, to our best

knowledge these levels have not been determined under inflammatory conditions of the upper

respiratory tract. In this report we assessed the concentrations of the low molecular mass

antioxidants glutathione, urate and vitamin E in erythrocytes and plasma of patients with

chronic sinusitis, and patients with nasal polyps and compared the results with the levels
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found in blood of healthy controls. Moreover, the TEAC values were determined. Although

individual antioxidants play a specific role in the antioxidative defense system, these

antioxidants may act co-operatively in vivo to provide synergistic protection to the organs

against oxidative damage. Therefore, it may be more meaningful to assess antioxidantstatus

by measuringboth the individual and the overall antioxidant capacity.

Glutathione

Glutathione is a hydrophilic tripeptide serving as one of the most important intracellular

antioxidants. According to literature human blood contains approximately 1 mM glutathione

of which only 1 —3 uM is present in plasma. The majorpoolofreduced glutathione (GSH) in

blood are the erythrocytes containing 240 jig GSH/mlblood. The reduced glutathione versus

1.27 We measured athe oxidized glutathione (GSH/GSSG)ratio in blood is higher than 10/

mean total glutathione level of approximately 1.6 mM in lyzed erythrocytes of healthy

controls, which is in the same order of magnitude asis reported in other studies.’ Total blood

glutathione levels were significantly lower (p<.05) in patients with chronic sinusitis and

patients with nasal polyps than in healthy controls. This difference might be explained by the

fact that during mucosal inflammation an increased oxidant production leads to consumption

of GSH through direct scavenging of reactive oxygen species at the inflammatory site. This

utilization of GSH may be supplemented by systemic GSH transported by erythrocytes form

the bloodinto the inflamed mucosa. In addition, mucosal conversion of GSH into GSSG e.g.

as a result of GSH-peroxidase activity, occurs. GSSG leaks away to the bloodstream by

cellular efflux and by this means doesnotincrease total glutathione levels measured in lyzed

erythrocytes. *® Although the contribution of a diminished blood glutathione level to the

disease pathology is uncertain, several other inflammatory diseases, such as AIDS,hepatitis,

and pulmonaryfibrosis, have been associated with systemic glutathione reduction.””

Vitamin E

Vitamin E is a lipophilic antioxidant which represents the principal defense against oxidant

induced lipid peroxidation in the lipophilic compartment of cellular membranes. In

experimental maxillary sinusitis in rabbits, elevated tissue and serum malondialdchyde

(MDA), a product of ROS attack on polyunsaturated free fatty acids of the cell membrane

(lipid peroxidation), levels were found.*’ Elevated levels of lipid hydroperoxides (LOOH),

also a product of lipid peroxidation, and MDA were found in middle ear mucosa during
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experimentalotitis media.”’** Recently, high levels of MDA were foundin tissue of human

nasal polyps compared to mucosal samplesofcontrols.!° These data support a role of oxidant

damage in the pathogenesis of upper airway inflammation. Vitamin E may play a protective

role in this process. Indeed we found significant lower plasma concentrations of vitamin E in

patients with chronic sinusitis suggesting a ROS-mediated vitamin E consumption. In patients

with nasal polyps howeversuch a reduction in plasma vitamin E level could not been shown.

It has been reported that there is an efficient recycling of vitamin E by other antioxidants such

as GSH and vitamin C.”° It can therefore be speculated that the higher glutathione level in the

nasal polyps group comparedto the sinusitis group indicates that in the nasal polyps group

more glutathione needs to be consumed before vitamin E levels starts to drop.

TEAC and uric acid

The total antioxidant capacity of plasma was measured by using the ABTS assay. We found

in the plasma of healthy controls a TEAC value of approximately 0.5 mM whichis in the

same order of magnitude of values found in literature.””° Major contributors to the total

antioxidant capacity are urate (35-65 %) and vitamin C (24 %). The known antioxidants do

not account for the whole of the measured TEAC value, i.e. there is an unidentified

component.”’ In our measurements we did not find a significant difference in plasma TEAC

values between healthy controls and either patients with sinusitis or nasal polyps. However, a

significant lower uric acid level was found in the plasma of the controls compared to both the

patient groups. At this point it should be noted that the plasmalevels of uric acid of healthy

controls found in our experiments equal those foundinliterature.** The finding that controls

have lower plasma uric acid levels might be explained by the fact that during inflammation

increased xanthine oxidaseactivity is present. Xanthine oxidase is the enzyme responsible for

uric acid synthesis and has been reported to increased in plasma in patients suffering from

chronic inflammatory disorders such as atherosclerosis and rheumatic diseases.>>°

Furthermore, increased plasma uric acid levels are also found in other chronic inflammatory

diseases such as gout and rheumatoid arthritis.*’ In contrast, mucosal uric acid levels are

diminished in patients with chronic upper respiratory tract inflammation compared to healthy

controls.'* This is probably due to thesacrificial behavior of uric acid, meaningthat uric acid

is irreversibly degradedat the site of inflammation by increased oxidant production. Xanthine

oxidase cannot be measured in nasal mucosa.'**’ This suggests that uric acid is not formed

locally but taken up from the peripheral bloodstream. It might therefore be speculated that

under inflammatory conditions increased plasma levels are necessary to supplement the uric
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acid utilization at the inflammatory site which may explain the elevated uric acid plasma

levels in both the patient groups.

When the contribution of uric acid to TEAC was subtracted from the TEAC value, the

residual antioxidant capacity containing factors such as, vitamin C, proved to be significantly

lowerin all patients suffering from chronic upper respiratory tract inflammation than in the

control group. As vitamin C regenerates vitamin E, which is consumed during inflammation,

this may very well partly explain the diminished residual TEAC value in the patient groups.

This mucosal utilization of vitamin C was already hypothesized in 1968 for patients with

allergic rhinitis who had considerably lower blood levels of vitamin C than normalsubjects,

indicating an unsaturated state of the tissue.*® In addition, increased xanthine oxidase activity

does not only lead to increasedlevels of uric acid which contribute to the antioxidant defense,

but also produces ROS which may consume antioxidants, i.e. vitamin C or unidentified

components, which contribute to the residual TEAC.

In conclusion, the antioxidant levels of glutathione, vitamin E and uric acid and thetotal

antioxidant parameter TEAC in peripheral blood of patients with chronic sinusitis and nasal

polyps were measured and compared to the levels in healthy controls. The reduced levels of

glutathione, vitamin E and residual (non-urate) TEAC, may reflect the consumption of

antioxidants and point to a role of oxidative stress in the pathogenesis of chronic upper

respiratory tract inflammation. Increased uric acid levels might be due to oxidative stress

induced xanthine oxidase activity. Although further research needs to be doneto establish the

exact role of oxidative stress in the multifactorial pathogenesis of upper respiratory tract

inflammation, these findings may render perspectives for pharmacotherapeutic intervention.

References

1, Vademecum gezondheidsstatistiek nederland 1999, Centraal bureau voorde statistiek/ Ministerie van

volksgezondheid, welzijn en sport.

BZ Vademecumgezondheidsstatistick nederland 1992. Centraal bureau voor de statistiek/ Ministerie van

volksgezondheid, welzijn en sport.

3. Kaliner MA, Osguthorpe JD, Fireman P, Anon J, Georgitis J, Davis ML, Naclerio R, Kennedy D.

Sinusitis: bench to bedside. Current findings, future directions. J All Clin Immunol 1997; 99:S829-S848.

4, Hamilos DL. Chronic sinusitis. J A// Clin Immunol 2000, 106:213-227.

5. Southorn PA, Powis G. Free radicals in medicine IJ. Involvement in human disease. Mayo Clin Proc

1988; 63:390-408.

6. Henson PM, Johnston RB.Tissue injury in inflammation: oxidants, proteinases and cationic proteins. J

Clin Invest 1987; 79:669-674.

117



Chapter II-2

10.

11.

12,

13.

14.

LS:

16.

17.

18.

19:

20.

2A].

22.

23,

24.

25;

118

Freeman BA, Crapo JD. Biology of disease. Free radicals and tissue injury. Lab Invest 1982; 47:412-

426.

Wright DT, Cohn LA, Li H, Fischer B, Li CM, Adler KB.Interactions of oxygen radicals with airway

epithelium. Environ Health Perspect 1994; 102(Suppl 10):85-90.

Hefner JE, Repine JE. Pulmonary strategies of antioxidant defense. Am Rev Respir Dis 1989; 140:531-

554.

Doelman CJA, Bast A. Oxygen radicals in lung pathology. Free Rad Biol Med 1990; 9:381-400.

Barnes PJ. Reactive oxygen species and airway inflammation. Free Rad Biol Med 1990; 9:235-243.

Slavin RG. Asthmaandsinusitis. J A/] Clin Immunol 1992; 90:534-537.

Demoly P, Crampette L, Mondain M, EnanderI, Jones I, Bousquet J. Myeloperoxidase and interleukin-

8 levels in chronic sinusitis. Clin Exp All 1997; 27:672-675.

Westerveld GJ, Dekker I, Voss HP, bast A, Scheeren RA. Antioxidant levels in the nasal mucosa of

patients with chronic sinusitis and healthy controls. Arch Otolaryngol Head Neck Surg 1997; 123:201-

204.

Dogru H, Delibas N, Doner F, Tiiz M, Uygur K. Free radical damage in nasal polyp tissue. Otolaryngol

Head Neck Surg 2001; 124:570-572.

Peden DB, Swiersz M, Ohkubo K, Hahn B, Emery B. Kaliner MA. Nasal secretion of the ozone

scavenger uric acid. 4m Rev Respir Dis 1993; 148:455-461.

Vandeputte C, Guizon I, Genestie-Dennis I, Vannier B, Lorenzon G. A microtiter plate assay for total

glutathionee and glutathione disulfide contents in cultured/isolated cells: performance study of a new

miniaturized protocol. Cell Biology and Toxicology 1994; 10: 415-421.

Lux O, Naidoo D, Salonikas C. Improved HPLC method for the simultaneous measurementofallantoin

and uric acid in plasma, Ann. Clin. Biochem 1992; 29: 674-675.

Berg van den R, Haenen G.R.M.M, Berg van den H, Bast A. Applicability of an improved Trolox

equivalent antioxidant capacity (TEAC) assay for the evaluation of the anitoxidant capacity

measurements of mixtures, Food Chemistry 1999; 66: 511-517.

Wright DT, Cohn LA, Li H, Fischer B, Li CM, Adler KB.Interactions of oxygen radicals with airway

epithelium. Environ Health Perspect 1994; 102(Suppl 10):85-90.

Vliet van der A, O’Neill CA, Cross CE, Koostra JM, Volz WG, Halliwell B, Louie $. Determination of

low-molecular-mass antioxidant concentrations in humanrespiratory tract lining fluids. Am J Physiol

1999; 276:L289-L296.

Parks RR, Huang CC, Haddad J. Middle ear catalase distribution in an animal modelof otitis media.

Eur Arch Otorhinolaryngol 1996; 253:445-449,

Parks RR, Huang CC, Haddad J. Superoxide dysmutase in an animal modelof otitis media. Eur Arch

Otorhinolaryngol 1995; 252:153-158.

Peden DB, Hohman R, Brown ME, mason RT, Berkebile C, Fales HM, Kaliner MA. Uric acidis a

major antioxidant in humannasal airwaysecretions. Prac Natl Acad Sci USA 1990; 87:7638-7642.

Miller NJ, Rice-Evans C, Davics MJ, Gopinathan V, Milner A. A novel method for measuring

antioxidant capacity and its application to monitoring the antioxidant status in premature neonates. Clin

Sci (Lond) 1993; 84:407-412.



Blood antioxidant levels in patients with chronic upper respiratorytract inflammation and healthy controls
 

29.

30.

31.

32.

34,

35.

36.

Bis

38.

Wayner DDM, Burton GW,Inghold KU, Barclay LR, Locke SJ. The relative contributions of vitamin

E, urate, ascorbic acid and proteins to the total peroxyl radical trapping antioxidant activity of human

blood plasma. Biochim Biophys 1987; 924:408-419.

Halliwell B, Gutteridge JMC.Free radicals in biology and medicine. (3ed) Oxford University Press

1999.

Sies H. Akerboom TPM.Glutathione disulfide (GSSG)efflux from cells andtissues. Methods Enzymol

1984; 105:445-51.

Uhlig S, Wendel A. The physiological consequences ofglutathione variations. Life Sci 1992; 51;1083-

1094,

Dénner F, Delibas N, Dogru H, Sari I, Yorgancigil B. Malondyaldehyde levels and superoxide

dysmutase activity in experimental sinusitis. Auris Nasus Larynx 1999; 26:287-291.

Parks RR, Huang CC, Haddad J. Evidence of oxygen radical injury in experimental otitis media.

Laryngoscope 1994; 104:1389-1392.

Haddad J. Lipoperoxidation as a measure of free radical injury in otits media. Laryngoscope 1998;

108:524-530.

Van Acker SABE, Koymans LMH,Bast A. Molecular pharmacology ofvitamin E: structural aspects of

antioxidantactivity. Free Radic Biol Med 1993; 20:311-328.

Cross CE. Vliet van der A, O'Neill CA, Louie S, Halliwell B. Oxidants, antioxidants, and respiratory

tract lining fluids. Environ Health Perspect 1994; 102 (Suppl 10):185-191.

Mohacsi A, Kozlovszky B, Kiss I, Seres I, Fulop T. Neutrophils obtained from obliterative

atherosclerotic patients exhibit enhanced respiratory burst and increased degranulation in response to

various stimuli. Biochim Biophys Acta 1996; 1316:210-216.

Miesel R, Zuber M. Elevated levels of xanthine oxidase in serum ofpatients with inflammatory and

autoimmune rheumatic discases. /nflammation 1993; 17:551-561.

Peden DB, Swiersz M, Ohkubo K, Hahn B, Emery B, Kaliner MA. Nasal secretion of ozone scavenger

uric acid. 4m Rev Respir Dis 1993; 148:455-461.

Authors unknown. Ascorbic acid levels of blood and urine in patients with allergic rhinitis. Eye Ear

Nose Throat Monthly 1968; 47:63-04.

119



"
@ I

el

mm 7s follygee

"s bee

fee fo ee

ee Seer

a
tape, AD pel

fa muniin one

Bie" ea one

vwAemy 7h
‘i AS ede]

ceuny farce

“WhA 7iAGe

. =ene



ChapterII-3

Effects of N-acetylcysteine on blood antioxidant levels in patients with

chronic sinusitis and nasal polyps

Gerrit-Jan Westerveld', Robert A Scheeren', Mare Fischer’, Guido RMM Haenen’,

and Aalt Bast?

' Department of Otorhinolaryngology and Head and Neck Surgery, Medical Center Vrie

Universiteit, Amsterdam, The Netherlands.

* Department of Pharmacology and Toxicology, University of Maastricht, The Netherlands.

Submitted



Chapter [-3
 

Abstract

Antioxidant pharmacotherapy has been proven successful in various oxidant mediated

diseases. In recent years it has become clear that the pathophysiology of chronic upper

respiratory tract inflammation is at least partially mediated by oxidative stress. As it was

shown that antioxidant levels of nasal mucosa and peripheral blood of patients with nasal

polyposis and patients with chronic sinusitis are decreased beneficial effects of N-

acetyleysteine (NAC) in the managementofthese disorders, which are otherwise difficult to

treat, can be anticipated. The blood levels of total glutathione, uric acid, TEAC, and the

residual antioxidant capacity were measured in patients with either chronic sinusitis or nasal

polyps who were additionally treated with 600 mg of oral NAC twice a day for 6 months in a

placebo controlled randomized double blind fashion after functional endoscopic sinus

surgery, Furthermore, the clinical status was scored subjectively by the patients and

objectively by nasal endoscopy. In both the patient groups (nasal polyps and chronic sinusitis)

which were treated with NAC the total glutathione levels, the uric acid levels, the TEAC

levels, and the residual antioxidant capacity levels increased significantly after 6 months of

oral NAC. This was not observed for the patient groups treated with placebo. Furthermore, in

the NACtreated patients no nasal complaints were reported. Also nasal endoscopy of middle

meatus showed an open osteomeatal unit in all cases. In contrast, in the placebo treated

patients no effect was observed oneither subjective well-being or nasal endoscopy.

It was concluded that oral NAC improves the antioxidant defense mechanisms and bythis

means contributes to the difficult therapeutic management of nasal polyposis and chronic

sinusitis.

122
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Introduction

Reactive oxygen species such as superoxide anions (O2"), hydroxyl radicals ((OH), hydrogen

peroxide (H2Q2) and hypochlorous acid (HOCI), are produced by several types of

inflammatory cells and are known to contribute to tissue damage during chronic

inflammation.' To cope with oxidative damage, tissues contain a broad spectrum of

antioxidant defense mechanisms. Enzymatic systems such as superoxide dysmutase, catalase

and glutathione dependent enzymes and non-enzymatic antioxidants such as glutathione, uric

acid, vitamin E and vitamin C are present in respiratory tract mucosa. Disturbance of the

delicate balance between free radical production and antioxidant defense may lead to disease.

For instance, several chronic inflammatory disorders of the lungs are at least partially

2,3,4mediated by oxidative stress. Also the pathogenesis of chronic upper respiratory tract

*©7 Yt has been shown that mucosal andinflammation has been related to oxidative stress.

blood antioxidant levels are diminished in chronic sinusitis and nasal polyposis.°* Forthis

reason possible beneficial effects of antioxidant pharmacotherapy can beanticipated.

N-acetylcysteine (NAC) is a knownantioxidant with specific direct and indirect antioxidant

properties. On one hand NACis a powerful scavenger of ‘OH and HOC.’ Onthe other hand

NACserves as precursor of glutathione which is known to be one of the major antioxidants

in human tissues. Being a precursor of glutathione, NAC has been shown to supplement

consumed intracellular glutathione stores as a result of increased ROS formation. For

instance, hart muscle damage after ischemic reperfusion injury can be largely prevented by

oral NAC pharmacotherapy due to a dose dependent increase of myocardial glutathione

content! In addition, oral NAC administration as antidote treatment for acetaminophen

overdose has been proven successful based on supplementation of hepatic cell glutathione

content."

In inflammatory airway diseases in which oxidative stress plays a role in the

pathophysiology, oral NAC treatment also has been proven to be beneficial. Peroral NAC

increases glutathione levels in plasma and bronchoalveolar lavage fluid in normal subjects

and in patients with chronic obstructive pulmonary disease and suggesting an increase in the

antioxidant defense against ROS attack.'? In addition, it has been postulated that NAC may

protect lung cells from oxidative stress by increasing intra and extracellular glutathione. '* All

these findings may be extrapolated to chronic inflammation of the upper respiratory tract. In

fact, oral N-acetylcysteine has been proven to be beneficial in the treatment of chronic

sinusitis and serous otitis media.'~'> However, in these studies treatment was short and only

clinical parameters were monitored. In this paper we investigated the effects of additional oral
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NAC treatment in patients with chronic sinusitis an nasal polyps on plasma antioxidant

defense and clinical presentation.

Subjects, materials and methods

Subjects

The subjects studied in these experiments wereeither patients with chronic sinusitis (n = 13, 8 males and 5

females; age range 31-61 years, mean age 46.5 years) or patients with nasal polyps (n = 22, 11 males and [1

females; age range 29-64 years, mean age 47.4 years). All patients underwent functional endoscopic sinus

surgery at time ofinclusion of the study and were treated with an effervescenttablet twice a day containing 600

mg of N-acetylcysteine or a placebo during 6 months in a double blind randomized fashion. The study protocol

was approvedby the institutional medical ethical committee of the Vrije Universiteit medical center Amsterdam,

The Netherlands, and informed consent was obtained fromall participating subjects.

Patients with chronic sinusitis and patients with nasal polypsall had complaints of nasal obstruction, headache,

and recurrent nasal discharge for more than 3 months. In all patients the diagnosis was confirmed on nasal

endoscopy, which showed either hyperplastic mucosa or evident polyposis in the middle meatus, and by a

computerized tomogram (CT) ofthe paranasal sinuses, which showed opacification of the paranasal sinuses

including the anterior ethmoid. Histopathologic examination of the resection specimen at time of inclusion

showed chronic inflammation with moderate to severe signs of eosinophilia in all subjects. All patients were

tested for allergies using a radioallergosorbent test and a total IgE test. Patients were considered positive when

the total blood IgE level was higher than 100 U/ml and positive reaction was seen in one or more allergens

from the radioallergosorbenttest (a panel of grass pollen, tree pollen, animal dander, and house dust mite was

used), None of the patients with chronic sinusitis or nasal polyps showedpositive reactions. None ofthe subjects

smoked. None of the subjects, controls and patients, used medication or any dictary vitamin or other antioxidant

supplements during the 3 months prior to the study. None ofthe subjects suffered from any other known disease,

Attime ofinclusion blood samples were drawn to obtain pretreatmentlevels oftotal glutathione, TEACand unc

acid. These measurements were repeated after 6 month of pharmacotherapy. Furthermore, at time of inclusion as

well as at 6 months the patient complaints were scored subjectively as no complaints, moderate complaints and

severe complaints. Also after 6 months of pharmacotherapy nasal endoscopy was performedscoring the mucosal

picture at middle meatus level as open osteomeatal complex, swollen mucosa, or recurrence of disease.

Sample preparation

Venous blood was drawn from the cephalic vein using a venoject system”. Uric acid samples were collected in

heparin gel tubes and gluthatione samples in heparin coated tubes. All tubes were centrifuged at 1500 rpm for 10

min. Plasmafor uric acid determination was snap frozen and stored at -80°C until further use. In the gluthatione

samples erythrocytes were separated fromthe plasma. The plasma was snap frozen at —80°C and used for total

antioxidant capacity assay (TEAC). The erythrocytes were lyzed by Symex” quicklyzer (Toa Medical

Electronics Co., LTD, Kobe, Japan) after which the lyzate was centrifuged at 3000 rpm for 10 min. The

supernatant was snap frozen and stored in an acid environment at—80°C until further use.
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Antioxidant assays

Chemicals

NADPH,glutathione reductase, 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), and uric acid

were obtained from Sigma Chemical Co., St. Louis, USA. 5'5'dithiobis 2-nitrobenzoic acid (DTNB) and reduced

glutathione (GSH) were obtained from ICN Biomedicals Inc. Costa Mesa, USA. 2,2’-azino-bis(2-

amidinopropane) dihydrochloride (ABAP) was obtained from Brunschwig Chemicals, Amsterdam, The

Netherlands. All other chemicals were from analytical purity.

Glutathione assay

Total glutathione was determined using the recycling method." To 50 1] of a lyzed erythrocyte sample (stored in

presence of sulfosalicylic acid in a final concentration of 1.3 %) 100 yl of a 0.4 mM NADPH/ 0.3 mM DTNB

solution in 143 mM phosphate buffer pH 7.4, containing 6.3 mM EDTA,is added in a 96- well plate. Then the

reaction is started by adding 50 pl of a solution containing 4 U/ml glutathione reductase. The increase of the

absorption (a A/min)is followed for 2 minutes at 405 nm. The 4 A/min of the samples is comparedto that of the

calibrators and the concentrationof total glutathione is calculated.

Uric acid assay

Uric acid was determined in plasma ultrafiltrates using a HPLC method described by Lux ef al.'? with minor

modifications. Two hundred pl plasma wasfiltered over a 3 kD filter unit (Centrex UF 0.5, Schleicher &

Schuell, Dassel, Germany) by centrifugation for 45 minutes at 14.000 x g and 4 °C. 25 ul ofthefiltrates was

analyzed on the HPLC. The system (Agilent, Palo Alto, CA, USA) consisted of an Hypersil BDS C-18 end-

capped column, 125 x 4 mm,particle size 5 pm (Agilent, Palo Alto, CA, USA) with a mobile phase of 5 mM

sodium phosphate buffer pH = 3.3. Detection was performed using a variable wavelength detector set on a

wavelength of 292 nm. Plasma concentrations uric acid were calculated using a calibration curveofuric acid.

Total antioxidant capacity assay

The total antioxidant capacity assay was carried out as described by van den Berg ef al. with some

modifications.'* The ABTS” radical was produced by incubating a solution of 0.23 mM ABTS and 2.3 mM

ABAPin 100 mM sodium phosphate buffer pH 7.4 at 70°C until the absorption of the solution at 734 nm was

between 0.680 and 0.720. Plasma samples were deproteinated by adding to 100 1] plasma 100 ul of a solution of

10 % (w/v) trichloro acetic acid. After centrifugation (14.000 x g 5 minutes) the supernatant was used for the

analysis. 950 of the ABTS”radical solution was preheated for 1 minute at 37°C. Then 50 yl of the sample was

added and after incubating for 5 minutes the absorption (A) at 734 nm was measured. The decrease in absorption

after 5 minutes of the samples, subtracted from that of the blank (buffer), was related to the decrease in

absorption of trolox standards. The TEAC value gives the concentration of trolox needed to get a similar

decrease in absorption as found for the sample.

Statistics

For each determination each sample was measured in duplicate and the standards were measured in triplicate.

Intergroup comparisons,at time of inclusion between the groups treated with N-acetylcysteine and placebo were
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madeusing a twotailed Student / test. Comparison of the blood antioxidantlevels of patients before and after 6

months of pharmacotherapy were made using paired f tests. The criterion for statistical significance was set at p

< .05.

Results

Total blood glutathione levels andthe effect ofN-acetylcysteine

At time of inclusion there was no significant difference (p > .05) in total glutathione value

between the patient groups (chronic sinusitis and nasal polyps) which were treated with NAC

compared to the groups which received placebo. After NAC treatment the total glutathione

levels in both the nasal polyp group (p = .0013) and the chronic sinusitis group (p = .0043)

increased significantly. In the placebo treated groups no significant alteration in total

glutathione level was found (Figure 1,2).

Bloodplasmauric acid levels.

At time of inclusion there was no significant difference (p > .05) in uric acid level between

the patient groups (chronic sinusitis and nasal polyps) which were treated with NAC

compared to the groups which received placebo.
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Figure 1. The effects of oral NACversusplacebo on bloodtotal glutathione levels in patients with nasal

polyps.
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Figure 2. The effects of oral NAC versus placebo on bloodtotal glutathionelevels in patients with chronic
sinusitis.

After NAC treatment the uric acid levels in both the nasal polyps group (p = .0096) and the

chronic sinusitis group (p = .033) increased significantly. In the placebo treated groups no

such significant effect was found (Figure 3,4).
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Figure 3. The effects of oral NAC versus placebo on blood uric acid levels in patients with nasal polyps.

Bloodplasma TEAClevels

At time of inclusion there was no significant difference (p > .05) in TEAC level between the

patient groups (chronic sinusitis and nasal polyps) which were treated with NAC compared to

the groups which received placebo. After NAC treatment the TEAC levels in both the nasal

127



Chapter II-3

polyps groups (p =5.1 x 10°) and the chronic sinusitis group (p = .0019) increased

significantly. In the placebo treated groups no suchsignificant effect was found (Figure 5,6).
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Figure 4. The effects of oral NAC versus placebo onblooduric acid levels in patients with chronic sinusitis.
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Figure 5. The effects of oral NAC versus placebo on blood TEAC levels in patients with nasal polyps.
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Figure 6. The effects of oral NAC versus placebo on blood TEAClevels in patients with chronic sinusitis.

Contributionofother antioxidants to bloodplasma TEAC

The residual antioxidant capacity consisting of TEAC minus uric acid did not differ

significantly (p > .05) between the patient groups (chronic sinusitis and nasal polyps) which

were treated with NAC comparedto the groups which received placebo. After NAC treatment

the residual antioxidant capacity levels in both the nasal polyps group (p = .0088) and the

chronic sinusitis group (p = .048) increased significantly. In the placebo treated groups no

such significant effect was found. (Figure 7,8)

In the patient groups treated with NAC the separate contributions to the increase in total

TEACbythe increasein uric acid and the increase in residual antioxidant capacity levels are

shownin the figures 9 and 10. In the nasal polyps group 7 patients had a main increase in

residual antioxidant capacity and a minorincrease or decreasein uric acid level. In 4 patients

with nasal polyposis the increase in uric acid was the most important contribution with a

minor increase or decrease in residual antioxidant capacity. (Figure 9) In the chronic sinusitis

group it was shownthat in 2 patients the increase in residual antioxidant capacity was most

important. However, in 3 patients the major contribution to the increase in total TEAC was

caused by the increase in uric acid. (Figure 10)

Clinicaleffects ofNAC treatment

In the patient groups (nasal polyps and chronic sinusitis) which were treated with NAC none

of the subjects had complaints after 6 months of pharmacotherapy. On nasal endoscopyin all

subjects an open osteomeatal unit was seen. In the placebo treated nasal polyps group at 6
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months, 5 patients did not have complaints. Four patients suffered from moderate complaints

and 2 patients had severe complaints. The patients which did not have complaints all had an

open osteomeatal unit on nasal endoscopy. The patients with moderate complaints all had

swollen musoca in the middle meatus. Of the patients which suffered from severe complaints

1 had swollen mucosaat the middle meatus and | had recurrence of nasal polyposis.

In the placebo treated chronic sinusitis group 3 patients did not have any complaints and

showed to have an open osteomeatal complex at nasal endoscopy after 6 months. Two

patients had moderate complaints of which 1 had an open osteomeatal complex and | swollen

mucosa at the middle meatus at nasal endoscopy. Three patients suffered from severe

complaints ofthose 1 had an open osteomeatal complex and 2 had recurrenceofdisease.

In both the patient groups (nasal polyps and chronic sinusitis) treated with placebo no relation

could be detected between the patients symptoms and nasal endoscopic picture on one hand

and the changein the levels of either GSH, UA, TEAC andresidual antioxidant capacity on

the other hand. (data not shown)

Discussion

Chronic inflammatory diseases of the upper respiratory tract, such as chronic sinusitis and

nasal polyposis, form a major problem in health care. For instance, in the USA in 1995, 37

million cases of chronic sinusitis were reported." In the Netherlands, in 1998, 8.9 % of the

Dutch population, approximately 1.4 million patients, suffered from chronic upper respiratory

tract inflammation andthe prevalenceis rising.”° Although of lesser importance for chronic

sinusitis than for nasal polyposis, the recurrencerate for these disorders after surgery is rather

high despite adjuvant pharmacotherapy. Although the different studies on the outcome of

functional endoscopic sinus surgery for chronic sinusitis and nasal polyps are hard to compare

due to the lack of uniform criteria, recurrence percentages up to 50 % within a year follow-up

have been reported.”” The pathogenesis of chronic upperrespiratorytract inflammation seems

to be influenced byoxidative stress. In previous research we have shownthat mucosal as well

as blood antioxidant levels were diminished in chronic upper respiratory tract infections such

as chronic sinusitis and nasal polyps.°° Beneficial effects of adjuvant antioxidant

pharmacotherapy can therefore be anticipated and may lead to a better therapeutic

management. These considerations offer perspectives for pharmacotherapeutic intervention

with oral NAC.
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Oral NAC pharmacotherapy has been proven beneficial in several oxidative stress related

chronic inflammatory diseases of the airways.” Next to direct antioxidant properties NACis

known to supplement exhausted glutathione stores as in functions as a precursor molecule for

GSH. Glutathione mayfunction as a direct scavenger of ROSoras a substrate for the GSH

dependent antioxidant enzymes such as, GSH-peroxidase and GSH transferase. Oral NAC is

well tolerated and easily penetrates the cell were it is deacetylated to form l-cysteine which

supports the biosynthesis of glutathione. However, the bioavailability is approximately 5%,

due to a substantial first pass metabolism in the body. This phenomenon probably underlies

the fact that free NAC is undetectable even after relatively high doses of NAC over a

prolonged period of time. Despite this low bioavailability it has been repeatedly shown that

circulatory levels of GSH are elevated in humansafter oral NAC administration.”” We used a

dosage of 600 mg twice, for a period of 6 months a day which is in accordance with other

122425 Chronic inflammation of the upper respiratory tract does not only leadclinical studies.

to diminished blood and mucosallevels of glutathione, but it also effects blood and mucosal

levels of uric acid and TEAC.Therefore, not only glutathione but also these other parameters

were examined after pharmacotherapy with NAC.

Effect ofNAC on total blood glutathionelevels

In this study a significant increase in blood total glutathione levels was observed in both the

patients with chronic sinusitis and the patients with nasal polyps. NAC is knownto function

as a precursor molecule of reduced glutathione (GSH). This is of importance as it is GSH

which has been shownto bedeficient in the nasal mucosaofpatients with chronic sinusitis.°

Mucosal supplementation of GSH from the bloodstream into the depleted mucosaltissues can

be anticipated. Furthermore, although NAC absorbedinto the circulation was not measured as

bioavailability is low, a small circulating portion may be taken up locally by the endothelial

cells of the nasal mucosa and deacylated, forming L-cysteine leading to local GSH formation.

By these mechanisms tissue antioxidant defense may be increased leading to less

inflammatory cell damage and improvementofthe diseasestate.

TEAC anduric acid

TEACrepresents the total antioxidant capacity of plasma. The most important contributor to

TEACis uric acid. Other contributors are vitamin C and vitamin E. Furthermore, the known

antioxidant contributors do not account for the whole measured TEAC value, so there is an

unidentified component.”° Although, we did notfind a significant difference in plasma TEAC
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levels between patients with either chronic sinusitis or nasal polyps and healthy controls in

former research, in these same experiments a significant decreased level of uric acid was

found in the patient groups (chronic sinusitis and nasal polyps) compared to the healthy

controls.® Furthermore, the residual antioxidant capacity, resulting from the subtraction of the

contribution of uric acid from the TEAC value, wassignificantly lower in the patient groups

suffering from chronic sinusitis and nasal polyps compared to healthy controls. These

findings were explained by the fact that during chronic inflammation the activity of the

plasma enzyme xanthine oxidase, whichis responsible for uric acid synthesis, is increased as

is also found in other chronic inflammatory disorders such as atherosclerosis and rheumatic

diseases2’"® Based on this assumption lower uric acid levels could be expected after

antioxidant pharmacotherapy due to a lower xanthine oxidase activity as a result of reduced

inflammation. However, a significant rise in uric acid levels was shown in the chronic

sinusitis and nasal polyps groups compared to the placebotreated groups. The reason for this

findingis still unclear. A higher uric acid level might be due to a lower uric acid consumption

as a result of lower oxidative stress after antioxidant therapy. Plasma TEAC levels were

shown to increase significantly in both patients groups treated with NAC compared to the

placebo treated group. Furthermore, the residual antioxidant capacity (non-urie acid TEAC)

increased significantly in the patient groups treated with NAC.As uric acid was shown to

increase significantly and uric acid is the main contributor to TEAC, the increase in TEAC

was expected to be mainly dueto the increase in uric acid level. However, this proved to be

only partially true. In the nasal polyps group 7 of the 11 patients had a significant higher rise

in residual antioxidant capacitythan inuric acid levels. In only 4 ofthese patients the increase

in uric acid seemed to be primarily responsible for the increase in TEAC.In the patients

group with chronic sinusitis, in only 3 subjects the increase in TEAC was due to an elevated

uric acid level. Apparently, NAC treatmentresults in an improved antioxidant network, as

illustrated by increased TEAC. However, the effect of NAC treatment on the individual

antioxidants is divers since it varies between subjects. This might be the result of the

interaction of the antioxidants in the antioxidant network, the interaction of the antioxidant

supplementin the antioxidant network, and the difference between subjects in this antioxidant

network.

Clinical effects ofNAC treatment

Although the beneficial effects of oral NAC in the treatment of chronic bronchopulmonary

inflammation are well documented the results of NAC in the treatment of chronic upper
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respiratory tract inflammation are sparse.”° In 1980 Panosetti reported positive effects ofNAC

treatment in chronic maxillary sinusitis.'* In addition, in the same year Balli showed

enhancement of the functional effects of middle ear drainage for serous otitis media by oral

NAC.'° Furthermore, intramuscular injection of NAC has been shownto beeffective in the

treatmentof maxillary sinusitis in children.”

 

 

   

 

150

= Oncrease (TEAC-UA)}
=
eae I JA2 100 + HM Increase |

a
a

5 50
attr”
g

a 84
a pnl pn2 pn3 pni pn6 png pnd pniO- pnil

=90'-

Patients with nasal polyps   
 

Figure 9. Contributions of the increase in uric acid (UA) and the increase in residual
antioxidant capacity (TEAC-UA)to the total increase in blood TEAC valuein patients

with nasal polyps recieving NAC.
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Figure 10. Contributions ofthe increase in uric acid (UA)

and the increase in residual antioxidant capacity (TEAC-
UA)to the total increase in blood TEAC value in patients

with chronic sinusitis recieving NAC.

Also GSH given by an aerosol to patients with chronic rhinitis did not only increase GSH

levels in the nasal mucosasignificantly but also improved symptoms dramatically for longer

periods of time.*’ Despite these encouraging results no additional studies on the effects of oral

NACin chronic upper respirator tract inflammation are available. We found that after 6

months of oral NAC in combination with functional endoscopic sinus surgery both the

134



The effects ofN-acetylcysteine on blood antioxidantlevels in patients with chronic sinusitis and nasal polyps
 

patients with nasal polyps and the patients with chronic sinusitis were free of complaints and

had an open osteomeatal area on nasal endoscopy. This suggests an additional beneficial

effect from NACasin the placebo treated control groups, 6 from the 11 patients in the nasal

polyp group and 5 from the 8 patients in the chronic sinusitis group, had both moderate to

severe complaints and mucosal swelling to recurrence of disease on nasal endoscopy.

In conclusion, the blood levels of the antioxidant systemstotal glutathione, uric acid, TEAC

and residual antioxidant capacity are measured in peripheral blood of patients with chronic

sinusitis and nasal polyps before and after treatment with 600 mg oral NAC twice a day

during 6 months. Theresults were compared to control groups whoreceived in a double blind

randomized fashion a placebo.It was foundthatthe bloodlevels ofall antioxidant parameters

increased significantly after treatment an effect which could not be found in the control

groups. Furthermore, the clinical features improved inall NACtreated patients in contrast to

the placebo treated patients in which only the minority of both groups showed clinical

improvement 6 months after surgery. These findings strongly suggest that adjuvant

antioxidant therapy, i.e. oral NAC supplementation, improves antioxidant defense systems

and via this mechanism leads to a better therapeutic management of chronic inflammatory

disorders of the upper respiratory tract.
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Abstract

Antioxidant actions of oxymetazoline and xylometazoline were investigated by measuring

inhibition of microsomal lipid peroxidation and hydroxyl radical scavenging activity.

Oxymetazoline was shownto be a potentinhibitoroflipid peroxidation (ICsq = 4.9 uM at t =

15 min, ICso = 8.1 uM at t = 30 min),in contrast to xylometazoline. Both compounds were

' forexcellent hydroxyl radical scavengers. Their rate constants (k; = 1.1 x 10’? M's

oxymetazoline and k, = 4.7 x 10'° M's" for xylometazoline) exceeded the rate constant of a

powerful known scavenger cimetidine (k, = 1.8 x 10'°° M's’). The difference in inhibiting

lipid peroxidation might be explained by the fact that only oxymetazoline has a hydroxyl

group which can donate a hydrogen atom and terminate the chain reaction of lipid

peroxidation. The mechanism of hydroxyl radical scavenging activity is still unclear.

Moreover, oxymetazoline seems to have a different modeof action in scavenging hydroxyl

radicals than xylometazoline and cimetidine resulting in a extremely high rate constant.

Because oxidants play a role in tissue damage in inflammation, it was hypothesized that

especially oxymetazoline andto a lesser extent xylometazoline may have additionalbeneficial

effect due to their antioxidant properties, in the topical treatment of nasal inflammation.
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Introduction

In inflammation reactive oxygen species (ROS), produced by activated granulocytes, have an

important function by destroying invading microorganisms. However, these ROS can also

cause severe oxidative tissue injury.” Oxidant damageis prevented by antioxidants in tissue.”

It is known that ROScontribute to respiratory epithelial damage in inflammatory diseases of

the lungs.*° Since there is a relationship between nasal inflammation and asthma, a role of

oxidants in upper respiratory inflammations can be anticipated.*’ Hydroxyl radicals, which

are among the mostreactive radicals known,are frequently associated with biological damage

as they can injure cellular constituents such as nucleic acids, proteins, carbohydrates and

lipids.*? An important manifestation of tissue damage is lipid peroxidation, in which the

polyunsaturated free fatty acids of the biomembrane are transformed to lipid

hydroperoxides.“ This process occurs as a result of free radical attack on the cell membrane

leading to impairment of membrane functions and eventually to cell death. In upper airway

infections, oxymetazoline and xylometazoline are frequently used for mucosal decongestion.

They are known to cause vasoconstriction due to their direct a-adrenoceptor stimulation on

the vascular smooth muscle in the nasal mucosa.'’ Both drugs are commonly used in the

symptomatic treatment of rhinitis and sinusitis. It has been suggested that antioxidant therapy

may have beneficial effect in the treatment of oxidant-mediated diseases.” Possible

antioxidant properties of oxymetazoline and xylometazoline may further explain the

therapeutic effect ofthese compoundsand weretherefore characterized.

Material and methods

Chemicals

Oxymetazoline, xylometazoline, cimetidine and 2-deoxy-D-ribosec were obtained from Sigma Chemical (St

Louis, USA). All other chemicals were of reagent grade.

Preparation ofmicrosomes

Male Wistar rats (Harlan Olec, Zeist, The Netherlands), 200-220 g, were killed by decapitation. Livers were

removed and washed with ice-cold Na-K-phosphate buffer (50 mM, pH 7.4) containing 0.1 mM EDTA; non-

liver tissue was removed. The livers were weighed and homogenized in phosphate buffer (1:2, w/v) using a

Polytron (PT 3000 Kinematica; 25000 rpm, 2 x 60 s at 4°C) and potter homogenizer (Heidolph-Electro;

Riihrkopf II; 250 rpm, 2 x 60 s at 4°C). The homogenate was centrifuged at 10000 x g (20 min at 4°C).

Subsequently the supernatant was centrifuged at 100000 x g (60 min at 4°C). The pellet was resuspended in

phosphate buffer and centrifuged again at 100000 x g (60 min at 4°C). The microsomal pellet was resuspended in

the phosphate buffer (2 g liver/ml). During continuousstirring, the resuspended pellct was divided in 1 ml parts
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and directly frozen in liquid nitrogen andstored at 80°C until use.

Determinationofinhibition ofmicrosomallipidperoxidation

Before use the protein concentration of the microsomes was determined by the method described by Bradford

(1976) sing the commercially available Bio-Rad reagent, with bovine serum albumin as a standard.'? The protein

concentration was approximately 24 mg/ml. Microsomes were thawed and diluted with approximately 30

volumes of ice-cold Tris-HCI buffer (50 mM, pH 7.4) containing 0.9% NaCl. The buffer was removed by

centrifugation at 115000 x g (45 min) andthepellet was heated for 90 s at 100°C. The microsomes were diluted

to 1 mg protein per ml, in iceOcold Tris-HCl buffer. Microsomes (1 ml) were incubated in the Tris-HCl buffer

(830 ul) while shaking at 37°C in open plastic incubation tubes. Different concentrations of oxymetazoline and

xylometazoline were added to the incubation tubes. Ascorbic acid (100 pl, 0.2mM final concentration) and

FeSO, (20 ul, 10 uM final concentration) were dissolved in Nz de-aerated water. Reactions were started by

adding the freshly prepared FeSO, solution. Lipid peroxidation was assayed by measuring thiobarbituric acid

reactive substances. At different times an aliquot of the incubation (0.3 ml) was taken and the reaction was

stopped by mixing it with 2 ml of an ice-cold solution containing thiobarbituric acid (4.16 mg thiobarbituric acid

in 1 ml trichloroacetic acid (168 g/l, 0.125 M HCl)) and HCI butylated hydroxytoluene (1.5 mg HCl butylated

hydroxytoluene in 1 ml ethanol). The thiobarbituric acid-HCI butylated hydroxytoluene solution consisted of

ivolume of HC! butylated hydroxytoluene solution per 10 volumesof thiobarbituric acid solution. After heating

(15 min at 80°C) and centrifugation (15 min, 3000 rpm) the absorbance at 535 nm vs 600 nm inthe supernatant

was determined (LKB Novospec II spectrophotometer). Corrections were made for the absorbance of the

thiobarbituric acid-HCl butylated hydroxytoluene solution, the microsomes and the Tris-HCl buffer using a

sample containing 2ml thiobarbituric acid-HC]butylated hydroxytoluene solution, 150 pil Tris-HCl and 150 ul

microsomes as a blank. Three independent experiments were carried out to obtain [Cs values.

Determination ofhydroxyl radical scavenging activity

Hydroxyl radicals are generated via the Fenton reaction and determined by the detector molecule deoxyribose

(DR). The hydroxyl radicals cause a degradation of this sugar molecule and the fragments after degradation react

with thiobarbituric acid. '° This is shown by the following equations:

Fe**-EDTA + ascorbic acid + Fe”*-EDTA +oxidized ascorbic acid

Fe?'-EDTA + HO, > OH’ + ‘OH + Fe**-EDTA (Fenton reaction)

OH’ + deoxyribose — fragments(heat with thiobarbituric acid/HCI butylated hydroxytoluene) —> malondialdehyde

A hydroxyl radical scavenger addedto the reaction will compete with the deoxyribose molecule for the hydroxy]

radical. The rate constant for reaction of the scavenger with the hydroxyl radical can be calculated using the

following equation:
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V/A = 1V/A° {1 + k,[S]/Kpr[DR]

A is the absorbance in the presence of a scavenger S at concentration [S] and A°is the absorbancein the absence

of a scavenger. When a linear plot is made of 1/A against [S] under the condition that the rate constant (Kpr) for

the reaction of deoxyribose with the hydroxy! radical is 3.1 x 10? M's” and the concentration of deoxyribose

[DR] = 2.8 mM,the rate constant (k,) for the reaction of S with the hydroxyl radical can be obtained from the

slope (= k,/kpp[DRIJA°) ofthe line.'? The reaction mixtures contained, in a final volume of | ml, the following

reagents at these final concentrations: KH,PO,-KOH buffer (20 mM, pH 7.4), FeCl; (100 1M), ascorbic acid

(100 uM), EDTA (100 11M), H,O, (1mM)and deoxyribose (2.8 mM). The ascorbic acid and the FeCl; were

freshly made before use and the Fe Cl, was the last compound added. Oxymetazoline and xylometazoline,

dissolved in water, were added atdifferent concentrations. The incubations were carried out for | h at 37°C and

stopped by adding 2 ml ofa thiobarbituric acid-HC! butylated hydroxytoluene solution. Then the incubations

were heated for 15 min at 90°C and centrifuged at 3000 rpm for 15 min. The thiobarbituric acid reactive

fragments were determined by measuring the absorbance at 535 nm. The thiobarbituric acid-HCl butylated

hydroxytoluene solution was made the same way as described in the section: "Determination of inhibition of

lipid peroxidation”. EDTA waspresentin the incubationsas iron chelator since it is known thatironeasily binds

to deoxyribose. As reference compound the known hydroxyl radical scavenger cimetidine was also tested in the

assay."

Results

Xylometazoline used in concentrations between 100 jxM and | mM gave noinhibitionoflipid

peroxidation in a time dependent manner (Figure |). In contrast oxymetazoline showedclear

inhibition of lipid peroxidation at a concentration of 5 1M and higher (Figure 2). This was

shown by the occurrence of a lag-time which lasted until 10 min of incubation for a 5 uM

concentration of oxymetazoline and until 30 min of incubation for 10 uM of oxymetazoline.

Higher concentrations completely inhibited lipid peroxidation during an incubation period of

60 min, Concentrations lower than 5 .M of oxymetazoline gave no significant inhibition of

lipid peroxidation (data not shown). The ICs9 + SD value, a relative measureofthe capacity to

inhibit lipid peroxidation, of oxymetazoline was 4.9 + 1.2 uM at t= 15 min and 8.1 +4.1 uM

at t = 30 min. Both oxymetazoline and xylometazoline are powerful hydroxyl radical

scavengers as shownbytheir rate constants (k, + SD) 1.1 x 10'7 + 5.0x 10'' M's" (n=9) and

4.7x 10'°+1.3 x 10'° M's" (n = 11) respectively. As reference compoundthe rate constant

of cimetidine k, = 1.8 x 10'°+ 5.4.x 10° M's" (n = 5) was determined. The concentrations

used for the compounds ranged from 10 uM to 100 uM. The concentration range used for
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cimetidine was 10 1M to 1 mM,although figure 3 only shows 10 1M to 100 uM.'* However,

as the measured absorbance (A°) of both xylometazoline and cimetidine equaled the A® which

was calculated by extrapolating the linear curve fit to the y-axis, this was not found for

oxymetazoline. In fact the measured A° of oxymetazoline was repeatedly found to be higher

than the calculated A°.To investigate this phenomenon we performed a number of

experiments (n = 9) in which we used a concentration range of 0.25 uM to 10 UM, assuming

that oxymetazoline was very effective as a hydroxyl scavenger in a dose dependent manner

even at low concentrations (Figure 3). These experiments showed that the scavengingactivity

of oxymetazoline was biphasic. The k, for this compound was calculated by using the steepest

slope of the biphasic curve. To investigate possible iron chelating properties of the

compounds the experiment was also carried out in the absence of EDTA. Compounds with

good ion chelating properties will show a higher k, value in the absence of EDTA,because

hydroxyl radicals are then formedin the direct environmentof the compound andsite-specific

scavenging occurs. This means that the formed hydroxyl radicals are immediately available

for scavenging by the compound. However, this was not found,i.e. in the absence of EDTA

no scavenging was seen for both compounds. The plots of 1/A against [S] showed horizontal

lines (data not shown).
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Figure 1. The influence of xylometazoline ((H) 100 1M; (O) 250 uM; (O) 500 1M; (¢) 1 mM) ona

time dependent Fe*/ascorbic acid induced liver microsomallipid peroxidation ((+ ) control). No

inhibition is observed. A typical example out of three independent experiments is shown.
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Figure 2. The influence of oxymetazoline ((M) 5 uM; (QO) 10 pM; (O) 15 uM; (¢@) 20 pM) ona time

dependent Fe'/ascorbic acid induced liver microsomal lipid peroxidation ((«) control). The different

lag-times are evident. A typical exampleoutofthree independentexperiments is shown.
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Figure 3. A typical example of the determinationofthe rate constant (k;) for oxymetazoline (0),

xylometazoline (©) and cimetidine (  ). Various concentrations of the compoundsare plotted against the

reciprocal value ofabsorption ofthiobarbituric acid reactive fragments of deoxyribose after degradation. The

k, of xylometazoline and cimetidine werecalculated using the slope of the linear curve fit accordingto the

equation: k, = slope x Kpp x[DR] x A°. The k, of oxymetazoline wascalculated using the slope of the steepest

part of the biphasic curve(inset). This experiment was conducted at least 5 times for each compound.
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iron chelation therefore will not play a role in the antioxidant action of either oxymetazoline

and xylometazoline.

Discussion

Oxidants can play a pivotal role in tissue damage during inflammation.” Oxidants are released

by activated inflammatory cells as a result of their respiratory burst caused by a variety of

stimuli.'” Due to these stimuli the membrane bound enzyme NADPH-oxidaseis activated

leading to an increased production of ROS such as superoxide anion radicals (O77) and

hydrogen peroxide (HzO) eventually resulting in the formation of the very reactive hydroxyl

radical (OH) In the present study we investigated the possible antioxidant properties of

oxymetazoline and xylometazoline because such actions may contribute to explain their

therapeutic effect. Oxymetazoline and xylometazoline are frequently used in the topical

treatment of inflammatory diseases ofthe upper airways. Through «-adrenoceptorstimulation

and subsequent vasoconstrictive action both drugs lead to decreased nasal congestion

followed by diminished nasal discharge andbetter ventilation of the paranasal sinuses.'° The

antioxidant action of oxymetazoline in lipid peroxidation might be explained by the

possibility of donating a hydrogen atom, originating from the hydroxylic moiety on the

phenyl ring (Figure 4), to the lipid peroxyl radical (LOO) forming a lipid hydroperoxide

(LOOH)instead of oxidizing another polyunsaturated acid and by this means terminate the

chain reaction of lipid peroxidation. The oxymetazoline radical] will be relatively stable. due

to delocalisation of the unpaired clectron, similar to the a-tocopherol radical.'”

Xylometazoline does not have such a hydroxy group on the phenyl ring (Figure 4) which

explainsthe lack of antioxidantactivity in lipid peroxidation compared to oxymetazoline. The

ICs value of a-tocopherol is approximately 2 4M for an incubation time of 20 min.'*® We

found a ICso value for oxymetazoline of approximately 5 uM (incubation time 15 min)

indicating that this compound inhibits microsomallipid peroxidation to a similar extent as a-

tocopherol. Moreover, in comparison to especially designed antioxidant compounds such as

21-amino steroids (U74006 and U74500A) which have ICso values ranging from 2 to 60 uM

oxymetazoline has also a comparable potency in inhibiting microsomal lipid peroxidation.'®

As the biomembrane is an important target of free radical attack following inflammation,

protection of this membrane, by inhibiting its peroxidation, may contribute in anti-

inflammatory therapy.
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Figure 4. The chemicalstructures ofoxymetazoline and xylometazoline are shown.

Note the hydroxy group onthe phenylring of oxymetazoline, whichis absent in

xylomethazoline.

Hydroxyl radicals are very reactive and oftenrelated to biological damagein inflammation.'”

Furthermore,it has been suggested that some anti-inflammatory drugs might exert their effect

by hydroxyl radical scavenging.” Both oxymetazoline and xylometazoline were more

effective hydroxy] radical scavengers than the known scavenger cimetidine, as judged from

their respective k, values.'* The rate of hydroxyl radical scavenging of oxymetazoline is

extremely high when compared to the rate of scavenging of xylometazoline and cimetidine.

Since for oxymetazoline a biphasic character of scavenging was observed, more than one

mode ofaction in hydroxyl radical scavenging is suggested. Such an atypical behavior was

not found before and is not yet fully comprehended. However, this finding is not caused by

possible iron-chelating properties of the compound. The exact mechanism by which ascorbic

acid and iron ions cause microsomallipid peroxidationis not clear. It is thought that the pro-

147



Chapter ITI-!

oxidant activity of ascorbic acid is found in combination with a specific ratio of Fe*’/Fe™’,

giving oxidation of polyunsaturated free fatty acids.”' Hydroxyl radicals do not play a role in

iron-induced microsomal lipid peroxidation.” We therefore established the antioxidative

properties of both compoundsbyeither inhibition of lipid peroxidation and hydroxy] radical

scavenging. Our findings suggest a possible additional beneficial role of oxymetazoline and

xylometazoline in the treatment of nasal inflammation by their antioxidative properties.

Moreover, the commercially available decongestive nosedrops will probably give even higher

local concentrations of both compounds than those used in our assays. Decongestive

nosedrops, containing xylometazoline or oxymetazoline, decrease nasal mucociliary

2324 This effect, however, seems to be mainly caused by the added preservatives.clearance.

Another study showed that both oxymetazoline and xylometazoline had an inhibitory effect

on neutrophil oxidative burst.” These two findings indicate that both compounds can also

give rise to a diminished mucosal defense, acting as pro-inflammatory instead of anti-

inflammatory compounds.

We conclude that both oxymetazoline and xylometazoline have specific antioxidant

capacities, which have not been described before. Until now these compounds were used in

the treatment of upper airway inflammation based only on their decongestive effect on the

mucosa. Presuming that oxidants play a role in upper airwayinflammation, these drugs may

also act as anti-inflammatory compoundsbytheir antioxidant properties in hydroxyl radical

scavenging and lipid peroxidation (only oxymetazoline). It should be noted, however, that

these compounds,atleast in their pharmaceutical matrix, also have unfavorable effects on the

nasal mucosa.
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Abstract

The nasal decongestants oxymetazoline and xylometazoline are frequently used in the topical

treatment of rhinitis and sinusitis. As NO is thought to play a role in inflammation of the

upper respiratory tract, the aim of this study was to examine the in vitro effects of these

compoundsonthe activity and the expression ofNO producing enzymes, iNOS and cNOS.

Experiments concerning the effects on enzymatic activity and enzymeinduction of iNOS by

both compounds were performed in a LPS induced rat alveolar macrophage cell line

(NR8383) using the Griess assay and the ° H-citrulline assay respectively. The effects on

cNOS were examined in fresh rat synaptosomes using the * H-citrulline assay. The direct

scavenging properties of both compounds were investigated using a amperometric NO sensor.

Oxymetazoline and xylometazoline were shown to have a dose dependentinhibitory effect on

total iNOSactivity indicated by nitrite/nitrate formation in the Griess assay. This effect was

found to be due to an inhibition of induction of the enzyme rather than inhibition of the

enzyme activity, as was investigated in two separate experiments using the *H-citrulline

assay. Inhibition of cNOS was moderate and in the same order of magnitude as the inhibition

of enzymatic iNOS activity. Direct scavenging of NO could not be detected. As cNOS

activity is thought to serve beneficial physiological functions and exaggerated iNOS activity

may cause exacerbation of the inflammatory process, pharmacological treatment influencing

the NO generating system should focus on inhibition of iNOS alone. The specific

characteristics of these decongestants in vitro suggests suitability for this application and may

indicate an additional beneficial effect in the treatment of upper respiratory tract

inflammation.
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Introduction

Nitric oxide (NO)is a free radical which is known to have an important function as mediator

in several biological processes amongst which vasorelaxation, cell-mediated immune

responses, inhibition of platelet aggregation and neurotransmission are extensively

investigated.'” The formation of NO has been described in many mammalian cell types and

can be addressed to three isoforms of nitric oxide synthase (NOS), which all oxidize L-

arginine to L-citrulline. The two constitutive forms of NOS (cNOS), which are

Ca**/ealmodulin dependent, are typically found in neural and vascular endothelial cells.

Endothelial NOSis located on the cell membrane and releases NO for short periods of time in

responseto receptor or physical stimulation. Neuronal NOShas been identified in the cytosol

of central and peripheral neurons.’ The inducible form of NOS (iNOS), which is Ce’:

independent, can be found in inflammatory cells, such as macrophages, after they are

activated by proinflammatory mediators like oxidants, cytokines and endotoxins. Once this

enzymeis expressed it producessignificantly larger amounts of NO for longer periods than

the constitutive isoform does.*?

Nitric oxide is knownto play an importantrole in airway function and seemsto be implicated

in the pathophysiologyof several lower airway diseases. Since there is an evident relationship

between nasal inflammation and inflammatory pulmonary disease a role of NO in upper

respiratory inflammations canbeanticipated.

It has been reported that the levels of NO in exhaled air of patients with upper respiratory

tract infections are increased.!°'' Also it has been shown that considerable levels of NO

metabolites were present in nasal lavage fluid of patients with house dust mite allergy and that

nasal polyps contain higher levels of NOS than normalnasal mucosa.'”'* In addition, the

exact localization of NOS in nasal mucosa has been identified.'*'° Furthermore, NOS activity

seems to be involved in nasal vascular conductance and in nasal cavity volume.'®*'” Also NO,

uponreaction with the superoxide anion radical and forming peroxynitrite, has been shownto

act as potent cytotoxic effector molccule.'® Both features may contribute to nasal

inflammation and indicate the involvement of NO in the pathogenesis of upper respiratory

tract inflammation.

In upper airway inflammation, nasal decongestants such as oxymetazoline and

xylometazoline, are frequently used in the topical treatment. Their effectivity is thought to be

due to direct a-adrenergic receptor stimulation on the vascular smooth muscle in the nasal

mucosa, leading to vasoconstriction. However,it is justified to presume that, in the clinically

used concentrations, which are in the millimolar range, other molecular mechanismsplay a
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role in the therapeutic effect. Recently we have reported on the distinct anti-oxidant properties

of oxymetazoline and xylometazolinei.¢e., hydroxy] radical scavenging and lipid peroxidation

inhibition.’ Presuming that the NO generating system is involved in the pathogenesis of

upper respiratory tract inflammation, the effects of oxymetazoline and xylometazoline on

activity and expression of cNOS and iNOS were determined in an in vitro model. In addition,

possible NO scavenging properties were investigated.

Materials and Methods

Chemicals

RPMI 1640 medium, HAM’s F-12 medium, glutamine and Fungibact were obtained from BioWhittaker

(Walkersville, MD, USA). Foetal calf serum (FCS), HEPES, Tris and EDTA were purchased from Life

Technologies (Paisley, UK). Dowex was obtained from ACROS (Geel, Belgium). Leupeptin,

phenylmethylsulfonyl fluoride (PMSF), dithiothreitol, aprotin, lipopolysacharide (LPS), NADPH,L-arginine, N-

tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES), L-nitroarginine methyl ester (I-NAME),

oxymetazoline, xylometazoline, N-(1-naphtyl)ethylenediamine, sulfanylamide and 8-anilino-1-naphtalene-

sulfonic acid were purchased from Sigma Chemicals Co. (St. Louis, MO, USA). Trypsin inhibitor from soybean

was obtained from Difco Laboratories Inc. (Detroit, Michigan, USA). Sucrose and EGTA were obtained from

Merck (Darmstadt, Germany). Hydrogen peroxide was purchased from J.T. Baker (Deventer, Holland). [2,3,4,5]-

3H-L- arginine was obtained from Amersham International ple. (Little Chalfont, Buckinghamshire, UK). All

other used chemicals were of reagent grade.

The macrophage cell line, NR8383 was kindly provided by Dr. RJ. Helmke, Department of Pediatrics,

University of Texas Health Science Center, San Antonio, Texas, USA.

Klebsiella Pneumoniae werea kind gift from Dr. J. van Amsterdam, RIVM,Bilthoven, The Netherlands.

Study design

To determine the effects of oxymetazoline and xylometazoline on iNOS and cNOSexperiments according to the

diagram shown in figure 1 were conducted (Fig 1.). Inducible NOS was expressed in rat alveolar macrophages

by adding LPS in the presence and absence of the test compounds. Primarily the effects on total iNOS activity

were measured by the formation ofnitrate and nitrite which was determined in the Griess-assay.”’ To elucidate

the findings, a second set of experiments was performed using the > H-citrulline assay, in which the conversion

oftritiated L-arginine to L-citrulline is measured.”' By adding the test compounds only during LPS induction or

only after LPS induction, effects on respectively enzyme induction and enzymatic activity could be separated. In

addition the effects of the test compounds on cNOSactivity were examined, using the same ° H-citrulline assay.

NOscavenging was investigated using a amperometric NO sensor.

All experiments were carried outin triplicate. Results are presented as mean + SD. The different parts of the

experiments are described in more detail here below.
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Figure 1, Study design.In orderto establish the overall effect ofoxymetazoline and xylometazoline and

reference compound L-nitroarginine methyl ester (L-NAME)ontheactivity oflipopolysaccharide (LPS)

induced nitric oxide synthase (iNOS),total nitrite production was measuredfirst (Griess-assay). To separate the

effects of the test compoundsoninductioninhibition and enzymatic activity inhibition, the formed amount of

radioactive L-citrulline was measured in a second experiment (*H-citrulline assay). In these experiments test

compound was only added during LPS induction or during conversionof L-arginineto L-citrulline. In addition,

the effects of test compoundson constitutive nitric oxide synthase (CNOS)activity (*H-citrulline assay) and

nitric oxide scavenging (amperometric NO sensor method) were investigated.

Cell culture and induction ofNO-synthase

A rat pulmonary alveolar macrophagecell line, NR8383, was used as the source of inducible NO-synthase.””””

Cells were maintained in culture at a floating cell concentration of 10° cells/ml in RPMI 1640 medium

containing 2 mM glutamine, 0.5% Fungibact (50 U/ml penicillin, 50ng/ml streptomycin) and 10% heat

inactivated FCS. Cells were grown on 162-cm* flasks (Costar Cambridge, MA) in a humidified, 37 °C, 5% CO,

incubator, Cells were collected (112 x g, 1000 rpm, Heraeus Labofuge 400R, 5 min, 25 °C) and resuspended at a

cell concentration of 10° cells/ml in HAM’s F-12 medium containing 2 mM glutamine and 0.5% Fungibact (50

U/ml penicillin, 50ug/ml streptomycin). NO-synthase was induced by addition of 10 pg bacterial LPS /10°cells

with or without the test compounds oxymetazoline and xylometazoline in different concentrations. ‘The samples

were incubated during 24h

37 °C, 5% CO>). As reference compound the known NOSinhibitor L-NAMEwasused.

Reductionofnitrate to nitrite and determination ofnitrite: the Griess-assay

In order to measure the effect of LPS ontotal nitrite/nitrate formation as well as the inhibition by L-NAME,

oxymetazoline and xylometazoline onthe LPSeffect, cells were incubated for 24 h with LPS and in the absence
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and presence of the test compounds in fina] concentrations varying between 10° M and 10° M.An aliquot of

150 pl of the cell suspension was deproteinated by adding 20 ul NaOH (1 M) and 20 pl ZnSO, (1 M). After

shaking firmly the incubations were left on ice for 5 minutes and centrifuged (5 min, 1,500 x g at 4 °C, Heraeus

Christ, Biofuge A). For the conversion ofnitrate to nitrite Klebsiella Pneumoniae (1.4 mg/ml in 50mM PBS,pH

=7.4) was mixed with 2 vol. of0.2 M TES (pH = 7.0) and 2 vol. of 0.5 M sodium formate. Of this mixture 50 11

was added to 100 pl of the deproteinated sample. Nitrate reduction was done at room temperature in a vacuum

desiccator containing a dish of water to reduce evaporisation ofthe reaction mixtures. After 30 minutesthe tubes

were removed and 0.5 ml of nitrogen flushed water was added. After centrifugation (5 min, 15.000 x g at 4°C)

0.5 ml of the incubate mixture was added to 50 ul of sulfanyl amide (1% in 5% H;PO,) and the tubes were

placed at 4 °C for 10 minutes. After this incubation 50 pl of 0.1% ("/,) N-(1-naphtyl) ethylenediamine was added

and within 30 minutes the absorption of nitrite was determined at 540 nm in a Packard Argus 400 microplate

reader. Standards containing 0 - 150 4M NaNO, and NaNO; were used for quantification.

Deierminationinhibition ofNO-synthase activity: *H-citrulline assay

In order to séparate the effects of the test compounds on induction of iNOS and on the enzymatic iNOSactivity

per se, two different sets of experiments were performed.

To establish the effect of the test compounds on iNOSinduction, a 24 h incubation of the N8383 cells with LPS

was performed in the presence of test compounds. After the 24 h incubation period the test compounds were

removed by washing. To establish the effect of the test compounds on iNOS enzymatic activity cells were

preincubated for 24 h with LPS in the absence of test compounds. These were only added during the conversion

of L-arginine to L-citrulline in the *H-citrulline assay.

After incubation with LPS, with or without test compounds (10% to 10° M), N8383 cells were collected and

resuspended ata cell concentration of 10’ cell/ml in Tris/HCl-buffer (50 mM, pH = 7.4 at 4 °C) containing 2.M

leupeptin, 1 mM PMSF, 1 mM dithiothreitol, 10 pg/ml trypsin inhibitor from soybean, 2 jg/ml aprotinin, 0.1

mM EDTAand 230 mM sucrose. The cell suspension was subsequently sonificated for 5 minutes at 4° C. Of the

obtained cell suspension40 pil was added to 60 pl of a Tris/HCl-buffer (50 mM, pH = 7.4 at 37 °C) containing |

mMNADPH,10 pM L-arginine and 20 nCi [°H]-L-arginine (specific activity; 63 Ci/mmol). For measuring the

enzymatic inhibition test compounds were added in a concentration of 10% to 10° M. Activity of INOS was

measured in the presence of 1mM EGTA whereas cNOSactivity was determined using 2 mM CaCl). Non-

enzymatic conversion was determined by heating the cell suspension (100 °C for 2 min). Both eNOSactivity and

non-enzymatic conversion were not found. The reaction was carried out for 45 minutes at 37 °C and terminated

by adding 1 ml of ice-cold Hepes-buffer (20 mM, pH = 5.5 at 4 °C) and putting the vials on ice. L-arginine was

removed from the reaction mixture by adding 1 mlofthe ion-exchanger Dowex (H20/Dowex-50W, 1:1, Na’-

form, 200-400 mesh, 8% cross-links, pH = 7.0) and shaking firmly. After centrifugation (15 mun, 2,100 x g at 4

°C) the reaction product[*H]-L-citrulline was measured bytransferring 1 ml of the supernatant to scintillation

vials containing 4 ml Packard Ultima Gold scintillation fluid. Radioactivity was counted in a Packard Tri-carb

(1900 CA)liquid scintillation analyzer, All samples were corrected for backgroundradioactivity.
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The same * H-citrulline assay was used to determine the possible inhibitory effects of oxymetazoline and

xylometazoline (concentrations between 10% and 3x10? M) on cNOSactivity. In these experiments enzymatic

activity was measured in the presence of

2mM CaCl, . L-NAME wasused as reference compound. However these measurements were performed in

synaptosomesobtained from the cerebella of male Wistarrats as these cells are knownto contain highlevels of

cNOS.Activity of iNOS could notbe detected in this tissue as was shown byusing a calcium free buffer.

Determination ofcell viability

In the experiments in whichthe alveolar cell line, NR 8383, was used, the viabilty of the cells was tested at

different stages of the experiments using thrypan blue. Whenin a sample more than 5 % ofthe cells were stained

with thrypan blue and therefore not viable the sample was notfurther used.

Determination ofNO-scavenging

Possible NO-scavenging properties of both compounds were investigated by using a amperometric NO-sensor.”*

As reference compound the well known NO scavenger hemoglobin was used. Two pl of NO-spiked

deoxygenated water was added to 20 ml 50 mM phosphate buffer (pH = 7.4) in a thermostated vessel (37° ©).

The vessel was kept under a N, atmosphere. The decrease in NO concentration, which was measured with an

Iso-NO meter (World Precision instruments, Sarasota FL, USA) coupled to both a MacLab™interface (ML020

MacLab/8, AdInstruments, London, UK) on an Apple Macintosh computer with “Chart” software an a chart

recorder (Kipp, Delft, The Netherlands), was followedin timein the presence and absence ofthe test compounds

oxymetazoline and xylometazoline (final concentrations up to 10° M) and reference compound (final

concentrations used were

3.9 x 107 and 7.8 x 107) in solution. During this procedure the reaction mixture was mixed using a magnetic

stirrer.

Results

Determinationofinhibition ofiNOS activity

1, Nitriteformation after LPSstimulation.

The effects of L-NAME, oxymetazoline and xylometazoline on the productionofnitrite

(NO) and nitrate (NO; ), which are formed alter oxidation of the unstable NO, were

determined in the Griess-assay. The amountofnitrite measured after nitrate reduction,reflects

the iNOSactivity. Nitrite formation could only be measured in LPS induced cells. When no

test compound was added the LPS induced cells gave a meantotal Nitto concentration of 117

+ 12 4M.All data concerning iNOSare presented as the fraction of this value. All compounds

showed a dose dependent inhibitory effect on the nitrite formation (Figure 2). In contrast to

L-NAME,oxymetazoline and xylometazoline showed no inhibition of nitrite formation upto a

concentration of 10° M whereasat this concentration L-NAMEalready gave 25 % inhibition.
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However, oxymetazoline and xylometazoline inhibited the nitrite formation completely at a

concentration of 1 mM whereas L-NAMEonly inhibited approximately 60%.

To exclude possible inhibition of cell growth or reaction with components of the Griess-assay

by the compounds, control experiments were performed. None of these confounding reactions

occurred.

2. Citrullineformation after LPS stimulation in the presence oftest compounds.

To elucidate the modeofaction of this inhibitory effect, the compounds were investigated in

the ° H-citrulline assay in which the effect of the compounds on iNOS induction and

enzymatic iNOSactivity could be separated. L-citrulline is formed from L-arginine by NOS

under the production of NO. The amount of L-citrulline production reflects the enzymatic

activity of NOS. When cells were not stimulated with LPS, no L-citrulline could be detected.

The baseline radioactivity value of the formed ? H-citrulline was determined in LPS induced

cells to which no test compound wasadded. The inhibition by the test compoundsis presented

as a fraction of the LPS induced value. Different concentrations of L-NAME, oxymetazoline

and xylometazoline were present during LPS induced iNOS induction for 24 hours and then

removed by washing. Oxymetazoline and xylometazoline showed a prominent dose

dependent reduction of L-citrulline formation (Figure 3). More than 50 % inhibition of L-

citrulline formation was obtained for both compoundsat a concentration of 0.3 mM, whereas

complete inhibition for both compounds wasobtained at 1 mM. L-NAMEalso showed some

reduction however, at a concentration of 1 mM only 50 % reduction was found.

3. Citrulline formation after LPS stimulation in the absence of test compounds: inhibition of

enzymatic iNOSactivity

When cells were not stimulated with LPS, no L-citrulline could be detected. The baseline

radioactivity value of the formed ° H-citrulline was determined in LPS inducedcells to which

no test compound was added. The inhibition by the test compoundsis presented as a fraction

of the LPS induced value.

Oxymetazoline and xylometazoline showed a moderate concentration dependent inhibitory

effect on the LPS stimulated iNOS activity (Figure 4). At a concentration of 1 mM, added

after 24 hours of LPS stimulation, both compoundsinhibited iNOSactivity for approximately

50 %, whereas L-NAME inhibited almost completely (85 %) even at a 10 times lower

concentration. The test compoundsdid not influence the separation of ° H-citrulline and 7 H-

arginine.
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Figure 2. The overall inhibitory effect of oxymetazoline (MM) and xylometazoline (2)on inducible

nitric oxide synthase (iNOS) was investigated by measuring nitrite production in the Griess-assay.

L-nitroarginine methyl ester (L-NAME)(&) was used as a reference compound. Theinhibition of

nitrite formation was concentration dependentfor all compounds. At a concentration of 1 mM total
inhibition ofNO production was shown for oxymetazoline and xylometazoline. L-NAME, onthe
other hand, only inhibited nitrite production for approximately 60 %.
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Figure 3. The inhibitory effect of oxymetazoline (M) and xylometazoline (OQ)on the

lipopolysaccharide (LPS) induced inducible nitric oxide synthase (iNOS) induction measured by

the formation of L-citrulline using the °H-citrulline assay. L-nitroarginine methyl ester (L-NAME)

(@)was used as a reference compound.In contrast to L-NAMEa strong concentration dependent

reduction of L-citrulline formation was seen for oxymetazoline and xylometazoline, which

completely inhibited iNOS induction at a concentration of | mM.At this concentration L-NAME

only gave 50 % inhibition.
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Figure 4. The inhibitory effect of oxymetazoline (Ml) and xylometazoline (C1) on the enzymatic

inducible nitric oxide synthase (iNOS)activity measured by formation of L-citrulline using by the

>H-citrulline assay. L-nitroarginine (L-NAME)(@) wasused as reference compound. Compounds

were only added to the reaction mixture during incubation with L-arginine. A moderate

concentration dependentreductionin L-citrulline formation was scen for oxymetazoline and

xylometazoline. In contrast to L-NAME, which gave prominentinhibition of enzymatic INOS

activity at a concentration of 10 +M,oxymetazoline and xylometazoline inhibited L-citrulline

formation for approximately 50 % at a concentration of 10 3M.

 120 -———--.-rnn estates asnutastages

1007

807

60

40>

L-
ci

tr
ul

li
ne

(
%
)

 

 

concentration (mM)

Figure 5. The inhibitory effect of oxymetazoline (Ml) and xylometazoline (QC)on the enzymatic

acivity of constitutive nitric oxide synthase (CNOS) measuring L-citrulline formation using the r

H-citrulline assay. The L-citrulline production was concentration dependent diminished by both

compounds, At a concentration of 10° M oxymetazoline inhibited cNOS by 50 % and
xylometazoline by 65 %. The effects of both compounds on the enzymatic activity of CNOSare

comparable to their effects on the enzymatic activity of inducible nitric oxide synthase (iNOS).
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Determinationofthe inhibition ofcNOS

The baseline radioactivity value of the formed * H-citrulline was determined in samples to

which no test compound was added. The data are presented as fractions of the absolute

baseline values.

The inhibition of cNOSactivity in rat brain tissue by oxymetazoline and xylometazoline was

concentration dependent and in the same order of magnitude as inhibition of enzymatic iNOS

activity measured by the > H-citrulline assay. At a concentration of 1 mM oxymetazoline and

xylometazoline inhibited L-citrulline formation for 50 % and 65 % respectively (Figure 5).

The inhibition activity of L-NAME, as was expected, was much more prominent. At a

concentration of 0.3 uM already 50% ofcNOSactivity was inhibited (data not shown).

Determination of NO radical scavenging

In contrast to the reference hemoglobin which showed potent scavenging, no scavenging of

NO radicals occurred by either oxymetazoline or xylometazoline added to the reaction

mixture at final concentrations up to 10 ~ M (Figure 6).
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Figure 6. Characteristic example of scavenging experiment. Time dependent degradationofnitric

oxide (NO)in buffer in the presence ofa possible scavenger (atrow). A concentration of ImM ofboth
test compoundsdid not enhance the degradation of measured NOin time, indicating that no scavenging
ofNO occured. In contrast to the decongestive compounds (oxymetazoline and xylometazoline), the
reference compound hemoglobin(7.8 x 10’) showed potenttime dependent NO degradation.

16]



ChapterII]-2
 

Discussion

Weinvestigated the effects of the nasal decongestants oxymetazoline and xylometazoline on

the induction and activity ofiNOS andthe activity of cNOS. NOSactivity is of importance in

inflammatory disorders of the upper respiratory tract via at least two mechanisms. First the

regulation of nasal vascular tone is thought to be under cNOS control and secondly iNOS is

important in the modulation of the inflammatory and immunological response.'*'°"*” As

high doses of oxymetazoline and xylometazoline are frequently used in the topical treatment

of upper respiratory tract inflammation, the effect of these compounds on NO regulationis of

interest.

LPS was used to induce iNOS in a macrophage cell line. As was measured by the

nitrite/nitrate formation during 24 h the false substrate for NOS, L-NAME, was able to

decrease the amount of NO metabolites dose dependently, although not completely. Since

oxymetazoline and xylometazoline in the same concentration were capable of complete

inhibition of iNOS, this finding suggests at least an additional mode of pharmacological

action of these compounds.It should be noted that in the nitrite/nitrate experiments NO was

formed as an intermediate andthat the inhibitory effects on NOS could be due to scavenging

ofNO bythe used test compounds. To excludethis, the test compounds were investigated for

possible NO scavenging properties. Nonitric oxide scavenging occurred.

Because decreased NO formation could be explained by either, the inhibition of enzymatic

activity or the inhibition of induction, these were investigated separately. Oxymetazoline and

xylometazoline were not full inhibitors of both iNOS and cNOSactivity, measured by *H-

_ citrulline formation. This in contrast to L-NAME which showed complete enzymatic

inhibition of NOS, which is in accordance with literature.”° We suggest that the incomplete

enzymatic inhibition of both iNOS and cNOSby oxymetazoline and xylometazoline may be

due to binding of the imidazoline part of these compounds to the heme domain of NOS.This

mode ofaction is comparable butless efficient than for arginine derivatives such as

L-NAME.”

In this way it was proven that the inhibitory effect of oxymetazoline and xylometazoline

could not be fully explained by enzymeinhibition. Inhibition of induction of the iNOS

enzyme mighttherefore be involved as well. This wasinvestigated in an experiment in which

iNOS enzyme activity was measured after washing away the test compounds. [.e. the test

compounds were present during LPS induction of iNOS. Both compounds, in contrast to L-

NAME,completely inhibited spontaneous iNOSactivity and thus expression of iNOS.
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[It is knownthat the induction of iNOSis regulated by transcription factors, of which the most

important is nuclear factor-KB (NF-KB).”* As NF-«B in cells is activated by manyfactors

such as microorganisms, oxidants, antigens and LPS a possible site of action of

oxymetazoline and xylometazoline maybe the inhibition of the activation ofNF-«B.””

The nasal mucosa has an important function in preparing the inspired air before entering the

lungs through filtering particles and regulating humidity and temperature. NO seemsto play a

pivotal role in these physiological functions as amongstothers it has been shown that NO is

involved in the regulation of the vascular tone in the nasal mucosa.”>” By this means NO is

thought to modulate nasal vascular conductance and nasal cavity volume, whichare correlated

to the nasal airway resistance.'*'” It should be noted however,that recent investigations, using

high flowrate insufflation, contradict the existence of such a relationship.”'"” The difference

in these results is thought to be due to underestimation of measured NO outputs as low flows

were used instead of higher and probably more physiologic transnasal airflows.’> Another

possibility is that this discrepancy might be explained by the fact that NO levels measured in

nasal air, which are predominantly produced by a Ca’* independent form of NOSinepithelial

cells in the paranasal sinuses are not responsible for vascular tone regulation which may be

predominantly under control of nasal vascular epithelial cNOS.*** This speculation might be

supported by the finding that lidocain showed strong inhibition of sinus NO production in

contrast to nasal NO production.*° |

Furthermore, it has been shown that human nasal mast cells, play, next to alpha adrenoceptor

effects, a major role in the regulation ofthe blood supply to the nasal mucosa. They contain a

particulate isoform of NOS which besides other vasoactive substances may effect the

congestive state of the nasal mucosa.”’ In addition, nasal exudation, of importance in nasal

inflammation, also seems to be mediated by NO via increase of the vascular permeability.**

NO,generated via iNOS, which is induced in inflammatory cells and epithelium of the upper

respiratory tract, is an important mediator in modulating the inflammatory and immunological

response.'*? Involvement of NO was shownforrhinitis based on house dust mite allergy,

11,13,14.15 NO Jevels are high in exhaled air,

34,40,41 42

seasonal rhinitis, chronic rhinitis and nasal polyps.

which was shown to be originating mainly from the nasal and paranasal airways.

These high concentrations of the reactive NO may contribute to aggravate airway

inflammation, which has been shownafter e.g. viral airway infection.*? The involvement of

iNOS maybe supported by the finding that glucocorticoids, which amongst others inhibit the

induction of iNOS and have beneficial effects in treating airway inflammation, inhibit the

increase in exhaled NO in asthmatic patients.”
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All formerly mentioned studies indicate that NO has a role in upper respiratory tract

inflammation. This role may be influenced by nasal decongestants like oxymetazoline and

xylometazoline. Although, the role of nasal NO in nasal vascular regulation is not clearly

established most studies support the observation that administration of nasal decongestants

significantly decreases nasal NO concentration.*”"'! The mechanism by which decongestants

reduce NO concentration is not known. It was speculated to be due to vasoconstriction of the

nasal venous sinusoids which maylead to a decreased epithelial surface area affecting the NO

diffusion into the lumen of the nasal cavity.*° It may also be related to the reduction of

bloodflow leading to a diminished availability of substrates for NOS or by toxic effect ofthe

decongestant in the chain of reactions that produces NO.*! Until now specific site of action

could not be ascertained.

In our study wetried to elucidate this mode of action as a direct inhibitory effect on

enzymatic activity of cNOS and iNOS, but especially induction of iNOS was shown. In

addition, no direct scavenging effect of both compoundscould be found.

The results were obtained in rat alveolar macrophagesas these cell lines are a reliable source

of iNOS.”*”? Asit is knownthat differences in the NOS systems have been found between

cell types of animals of different species and humans, our results can not be directly

extrapolated to human upper airways.’ However, although this is an in vitro model the results

may contribute to the understanding ofNO in upperrespiratory tract pathophysiology and the

influence of nasal decongestants herein. Presuming that the NO generating system plays a role

in the pathogenesis of upper respiratory tract inflammations, our findings may suggest an

additional beneficial effect of the nasal decongestants oxymetazoline and xylometazoline in

the topical treatment of these disorders. It should be noted, however, that these compounds,at

least in their pharmaceutical matrix, also have unfavorable effects on nasal mucosa like

decreasing mucociliary clearance, and inducingrhinitis medicamentosa.*°*7*8

In conclusion, studies mentioned above imply that cNOS activity serves beneficial

physiological functions in the nose, whereas an exaggerated iNOS activity, which is induced

by overexpression, causes an exacerbation of the inflammatory process. Possible treatment

via NO mechanisms should therefore primarily focus on inhibition of iNOSalone, leaving the

necessary physiological control via cNOSintact. In an in vitro model oxymetazoline and

xylometazoline showed only moderate effects as direct inhibitors of the NO-producing

enzymes. However, these compounds, usedin their clinically applied concentration, are able

to inhibit the induction of iNOS completely, which renders them selective tools for

attenuation of iNOS activity, a mode of action which has not been described before.

164



Inhibitionofnitric oxide synthase by nasal decongestants
 

References

1G

a
n

10.

ae

12.

13.

14.

16.

17,

18.

Furchgott RF, Zawadski JV. The obligatory role of endothelial cells in the relaxation ofarterial smooth

muscle by acetylcholine. Nature 1980; 288:373-376.

Ignarro LJ, Buga GM, Wood KS, Byms RE, Chaudhury G. Endothelium-derived relaxing factor

produced and released from artery and vein is nitric oxide. Proc Natl Acad Sci USA 1987; 84:9265-

9269.

Marletta MA, Yoon PS,Iyengar R, Leaf CD, Wishnor JS. Macrophage oxidation of L-arginine to nitrite

and nitrate: Nitric oxide is an intermediate. Biochemistry 1988; 27:8706-8711.

Hibbs JB Jr, Taintor RR, Vavrin Z, Rachlin EM. Nitric oxide: A cytotoxic activated macrophage

effector molecule. Biochem Biophys Res Commun 1988;157:87-94.

Radomski MW, Palmer RMJ, Moncada S. Endogenousnitric oxide mhibits humanplatelet adhesion in

vascular endothelium. Lancet 1987; 2:1037-1038.

Knowles RG, Palacios M, Palmer RMJ, Moncada S. Formation of nitric oxide from L-arginine in the

central nervous system: a transduction mechanism forstimulation of the soluble guanylate cyclase. Proc

Natl Acad Sci USA 1989; 86:5159-5162.

Bredt DS, Glatt CE, Fotuhi M, Dawson TM, Snyder SH.Nitric oxide synthase protein and mRNAare

discretely localized in neuronal populations of the mammalian CNS together with NADPH diaphorase.

Neuron 1991; 7:615-624.

Moncada S, Palmer RMJ, Higgs EH. Nitric oxide: physiology, pathophysiology, and pharmacology.

Pharm Rev 1991; 43:109-142.

Knowles RG, MoncadaS. Nitric oxide synthases in mammals. Biochem J 1994; 298:249-258.

Kharitonov SA, Yates D, Barnes PJ. Increasednitric oxide in exhaled air of normal human subjects with

upper airway respiratory tract infections. Zur Resp J 1995; 8:295-297.

Martin U, Bryden K, Devoy M, Howarth P. Increased levels of exhaled nitric oxide during nasal and

oral breading in subjects with seasonalrhinitis. J Allergy Clin Immunol 1996; 97:768-772.

Garrelds IM, Amsterdam van JCG, De Graaf-in’t Veld C, Gerth van Wijk R, Zijlstra FJ. Nitric oxide

metabolites in nasal lavagefluid of patients with house dust mite allergy. Thorax 1995; 50:275-279.

Ramis I, Lorente J, Rosello-Catafau J, Quesada P, Gelpi E, Bulbena O. Differential activity of nitric

oxide synthase in human nasal mucosa andpolyps. Eur Resp J 1996; 9:202-206.

Furakawa K, Harrison DG, Saleh D, Shennib H, Chagnon FP, Giaid A. Expression of nitric oxide

synthasein the human nasal mucosa. Am J Respir Crit Care Med 1996, 153:847-850.

Rosbe KW, Mims JW, Prazma J, Petrusz P, Rose A, Drake AF. Immunohistochemical localisation of

nitric oxide synthase activity in upperrespiratory epithelium. Laryngoscope 1996; 106:1075-1079.

Rinder J, Lundberg JM. Nasal vasoconstriction and decongestanteffects of nitric oxide synthase in the

pig. Acta Physiol Scand 1996, 157:233-244.

Imada I, Iwamoto J, Nonaka S, Kobayashi Y, Unno T. Measurementofnitric oxide in human nasal

airway. Eur Resp J 1996; 9:556-559.

Albina JE, ReichnerJS. Nitric oxide in inflammation and immunity. New Horizons 1995; 3:46-64.

165



Chapter Il-2

19.

20.

DA.

22.

23.

24.

25.

26.

2,

28.

29.

30.

31:

32.

34.

35.

166

Westerveld GJ, Schceren RA, Dekker I, Griffioen DH, Voss H-P, Bast A. Antioxidant levels of

oxymetazoline and xylometazoline. Eur J Pharmaco! 1995; 291:27-31.

Phizackerly PJR, Al-Dabbagh SA. The estimation of nitrate and nitrite in saliva and urine. Anal

Biochem 1983;131:242-245.

Bredt DS, Snyder SH. Isolation of nitric oxide synthase, a calmodulin-requiring enzyme. Proc Nat!

Acad Sci USA 1990; 87:682-685.

Helmke RJ, Boyd RL, German VF, Mangos JA. From growth factor dependence to growth factor

responsiveness: the genesis of an alveolar macrophagecell line. Jn Vitro Cell Development Biol 1987,

23:567-574.

Helmke RJ, German VF, Mamgos JA. A continuous alveolar macrophage cell line: comparisons with

freshly derived alveolar macrophages. In Vitro Cell Development. Biol 1989; 25:44-48.

Vriesman MF, Haenen GRMM, Westerveld GJ, Paquay JBG, Voss H-P, Bast A. A method for

measuring nitric oxide radical scavenging activity. Scavenging properties of sulfur containing

compounds. Pharmacy World & Sci 1997; 19:283-286.

Rinder J. Sensory neuropeptides andnitric oxide in nasal vascular regulation. Acta Physiol Scand 1996;

157:7-45.

Mitchell JA, Kohihaas KL, Sorrentino R, Warner TD, Murad F, Vane JR. Induction by endotoxin of

nitric oxide synthase in the rat mesentery: lack of effect on action of vasoconstrictors. Br J Pharmacol

1993; 109:265-270

Peterson DA, Peterson DC, Archer 8, Weir EK. The non specific nitric oxide inhibitors. Biochem

Biophys Res 1992; 187:797-801.

Xie Q-W, Kashiwabara Y, Nathan C.Role oftranscription factor NEF-«B/Rel in induction ofnitric oxide

synthase. J Biol Chem 1994; 269:4705-4708,

Barnes PJ, Karin M. Nuclear factor xB - A pivotal transcription factor in chronic inflammatory disease.

New Engl J Med 1997; 336:1066-1071.

Rinder J, Lundberg JON, Anggard A, Alving K, Lundberg JM.Effects of topical nasal decongestants,

L-arginine and nitric oxide synthase inhibition, on nasal cavity nitric oxide levels and nasal cavity

volume in man. Am J Rhinol 1996; 10:399-408.

Chatkin JM, Djupesland PG, Qian W, McClean P, Furlott, Gutierrez C, Zamel N, Haight JS. Nasal

nitric oxide is independentofnasal cavity volume. Am JRhinol 1999; 13:179-184.

Silkoff PE, Chatkin J, Qian W, Chakravorty S, Gutierrez C, Furlott H, McClean P, Rai S, Zamel N,

Haight J. Nasalnitric oxide: a comparison of measurementtechniques. Am J Rhinol 1999; 13:1 69-178.

Djuppesland PG, Chatkin JM, Qian W, Cole P, Zamel N, McClean P, Furlott H, Haight JS.

Aerodynamic influences on nasal nitric oxide output measurements. Acta Ofolaryngol 1999; 119:479-

485.

Lundberg JON, Farkas-Szallasi T, Weitzberg E, Rinder J, Lidholm J, Anggard A, Hokfelt T, Lundberg

JM, Alving K. High nitric oxide production in humanparanasal sinuses. Nature Med 1995, 1:370-373

Lundberg JON, Weitzherg FE, Rinder J, Rudehill A, Jansson O, Wiklund NP, Lundberg JM, Alving K.

Calcium-independent and steroid-resistant nitric oxide synthase activity in human paranasal sinus

mucosa. Eur Respir J 1996; 9;1344-1347.



Inhibition ofnitric oxide synthase by nasal decongestanis
 

39.

40.

4}.

42.

43.

44.

46,

47.

48.

Haight JS, Djupesland PG, Qian W, Chatkin JM,Furlott H, Irish J, Witterick I, McClean P, Fenton RS,

Hoffstein V, Zamel N. Does nasal nitric oxide come from the sinuses ? J Otolaryngol 1999; 28:197-

204.

Bacci S, Arbi-Riccardi R, Mayer B, Rumino C, Borghi-Cirri MB. Localisation of nitric oxide synthase

immunoreactivity in mast cells of human nasal mucosa. Histochemistry 1994; 102:89-92.

Lane AP, Prazma J, Baggett HC, Rose AS,Pillsbury HC. Nitric oxide is a mediator of neurogenic

yascular exudation in the nose. Otolaryngol Head Neck Surg 1997, 116:294-300.

Croen KD. Evidence for an antiviral effect of nitric oxide. J Clin Invest 1993; 91:2446-2452.

Schedin U, Frostell C, Persson MG, Jakobsson J, Andersson G, Gustafsson LE. Contribution from

upper and lower airways to exhaled endogenousnitric oxide in humans. Acta Anaesthesiol Scand 1995;

39:327-332.

Lundberg JON. Weitzberg E, Nordvall SL, Kuylenstierna R, Lundberg JM, Alving K. Primarily nasal

origin of exhalednitric oxide and absence in Kartagener’s syndrome. Eur Resp J 1994; 7:1501-1504.

Kimberly, Nejadnik B, Giraud GD, Holden WE. Nasal contribution to exhaled nitric oxide at rest and

during breathholding in humans. Am J Respir Crit Care Med 1996; 153:829-836.

Barnes, PJ, Liew FY. Nitric oxide and asthmatic inflammation. /mmuno! Today 1995; 1:128-130.

Kharitonov SA, Yates D, Robbins RA, Thomas PS, Barnes PJ. Corticosteroids decrease exhaled nitric

oxide. Am J Respir Crit Care Med 1994; 149:A201.

Ferguson EA, Eccles R. Changes in nasal nitric oxide concentration associated with symptoms of

commoncold and treatment with a topical nasal decongestant. Acta Otolaryngol (Stockh) 1997;

117:614-617.

Van de Donk HJM, Van den Heuvel AGM, Zuidema J, Merkus FWHM.Theeffect of nasal drops and

their additives on human mucociliary clearance. Rhinology 1982; 20:127-137.

Deitmer T, Scheffler R. The effects of different preparations of nasal decongestants onciliary beat

frequency in vitro. Rhinology 1993; 31:151-153.

Graf PM, Hallen H. One year follow-up of patients with rhinitis medicamentosa after vaneoaiictat

withdrawal. Am J Rhinol 1997; 11:67-72.

167



"
@ I

el

mm 7s follygee

"s bee

fee fo ee

ee Seer

a
tape, AD pel

fa muniin one

Bie" ea one

vwAemy 7h
‘i AS ede]

ceuny farce

“WhA 7iAGe

. =ene



Chapter IV

General discussion and summary



"
@ I

el

mm 7s follygee

"s bee

fee fo ee

ee Seer

a
tape, AD pel

fa muniin one

Bie" ea one

vwAemy 7h
‘i AS ede]

ceuny farce

“WhA 7iAGe

. =ene



General discussion and summary
 

General discussion

In the Netherlands chronic upper respiratory tract inflammations are the most frequent

occurring chronic diseases (8.9 %) with a rising prevalence.’ Although extensive research has

been done, the exact multifactorial pathogenesis of disorders such as, chronic sinusitis and

nasal polyps remains unclear. In addition, therapeutic management of these disorders by

either surgery, medication or a combination ofboth, is characterized by a generally moderate

outcome with a relatively high number of recurrences.”” It has becomeclear that oxidative

stress is associated with the pathophysiology of chronic inflammatory disorders of the lungs.’

As it has also been reported that there is a pathophysiologic relationship between chronic

inflammation of the lower- and upperrespiratory tract, a role of oxidative stress in the

pathogenesis of chronic upper airway inflammation can be anticipated. In fact, recently the

involvementofoxidative stress has been reported.*° To elucidate this subject further we have

elaborated on the possible role of oxidative stress in the pathogenesis of chronic upper

respiratory tract inflammation focussing on antioxidant mechanisms.

Oxidative stress and disease

Oxidants such as, reactive oxygen species (ROS) andreactive nitrogen species (RNS), play an

important role in a broad spectrum of physiological processes. Despite their physiological

importance there is increasing evidence that these species are also potentially harmful and

responsible for tissue damage.’ During inflammation, activated inflammatory cells infiltrate

the upper respiratory tract mucosa and release large amounts of oxidants, such as the

superoxide anion radical (O27), and the nitric oxide radical (NO’). From these oxidants other

reactive productsi.e., the hydroxyl radical (OH), hydrogen peroxide (H,02), hypochlorous

(HOCI), and peroxynitrite (ONOO))can be formed. To protect the mucosa against the assault

of these reactive species, it contains an extensive network of enzymatic and non enzymatic

antioxidant defense mechanisms.* When there is an imbalance between local oxidant

production and antioxidant defense, a situation known as oxidative stress, tissue injury

contributing to the disease may occur. It is thought that in most human diseases oxidative

stress is a consequence and not a causeofthe primary disease as the release of ROS and RNS

is secondary to the primary tissue injury caused by for instance, the infection.” However,

oxidative stress induced tissue injury may very well contribute to the chronicity of the

disease, especially when the causative agent has disappeared. This feature may be of

importance in the pathogenesis of chronic upper respiratory tract inflammation as this is

considered to be a non infectious disease. In fact this phenomenon has been shownforchronic
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middle ear inflammation, in which ongoing oxidative mucosal damage was shownin absence

of microorganisms.'? Direct measurements on ROS and RNSproduction in human tissue and

blood are technically difficult. One of the main reasons for this is the extremely short half

lifetimes of most of these species due to their high reactivity. It is therefore more commonto

measure more stable products, so-called biomarkers, that reflect ROS induced tissue

injury.°'*'!!? Anotherreliable method to get more insight in oxidative stress related diseases

is to measure the antioxidant status. In fact, measurements have been done on antioxidant

mechanismsin the upperrespiratorytract.'*4

Antioxidants in chronic upper airway inflammation

In chapter I-3 we summarized the available literature on oxidants and antioxidants occurring

in the upper respiratory tract both under normal as under inflammatory circumstances.

Although some reports are contradictionary we feel that it is justified to say that a dysbalance

between oxidant formation and antioxidant defense mechanisms mediates various types of

upper respiratory tract inflammations. The majority of reports concerning oxidative stress in

upper respiratory tract inflammation consist of measurements of antioxidants in ‘upper

respiratory tract lining fluids. Surprisingly, much less information is available about the

antioxidant levels in upper respiratory tract mucosa and blood of humans, especially under

inflammatory conditions of the upper respiratory tract. In addition, most reports show results

of measurements performed on animals which maynotdirectly be extrapolated to the human

situation. To get more insight into this subject we measured, the levels of three biologically

important antioxidants in nasal mucosa of patients with chronic sinusitis and healthy controls

(chapter II-1). The levels of the intracellular antioxidant glutathione (GSH) and the

extracellular antioxidant uric acid (UA) proved to be significantly lower in patients suffering

from chronic sinusitis than in healthy control material. Vitamin E levels did not differ

significantly between both subject groups. Although the number of subjects in both groups

were small the measured differences were statistically significant indicating an impaired

mucosal antioxidant defense under chronic inflammatory conditions. This lowered mucosal

antioxidant defense can be explained by either an increased oxidant production leading to

increased antioxidant consumption or diminished antioxidant supply from the bloodstream to

the mucosa. We did not find directly increased oxidant production in nasal mucosa. However,

there is circumstantial evidence in literature that this phenomenon in fact occurs in chronic

upper respiratory tract inflammation.°° To investigate the antioxidant supply from the

bloodstream to the mucosa we measured the antioxidant levels of the same antioxidants in
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peripheral blood of patients with chronic upper respiratory tract inflammation and compared

them to healthy controls (chapter II-2). It was found that the total glutathione levels and

vitamin E levels were significantly lowerin the subjects suffering from chronic inflammation

than in the controls. In contrast uric acid levels were significantly higher in the inflammatory

groups than in the control group. It can be speculated that the lowered mucosal antioxidant

levels under chronic inflammatory conditions, due to either mucosal scavenging of oxidants

or enzymatic conversion, can not be supplemented sufficiently by systemic antioxidants from

the blood stream and therefore contribute to the chronicity of the inflammation. This finding

offers perspectives for specific antioxidant pharmacotherapy with N-acetylcysteine (NAC) as

this compound has distinctive direct and indirect antioxidant properties.'> Furthermore, oral

NAChasbeen provento be beneficial in the treatment of chronic sinusitis and serous otitis

media.'©'? We investigated, in a placebo controlled randomized double blind fashion, the

effects of oral NAC in patients with chronic sinusitis and nasal polyps on the blood

antioxidant defense and clinical outcome (chapter JI-3). It was shown that NAC treatment

increased the total glutathione levels, the uric acid levels, the TEAC levels and the residual

antioxidant capacity levels in the peripheral blood ofall patients. Furthermore, the clinical

presentation after 6 months of NAC pharmacotherapy was much better in all patients treated

with NAC compared to the placebo treated group. It was already known that oral NAC

increases blood levels of glutathione.’° Therefore, we expected the blood levels of glutathione

to increase after NAC pharmacotherapy in the patients suffering from chronic inflammation.

As both mucosal and systemic glutathione levels are low in patients suffering from chronic

sinusitis or nasal polyps inappropriate local synthesis or mucosal supplementation of

glutathione from the bloodstream into the mucosa can be anticipated. Uric acid levels were

low in mucosa of chronic sinusitis patients however, in peripheral blood they were higher

than in controls. This difference can be explained by the fact that although uric acidis locally

consumed throughits sacrificial behaviorit not locally formed, as we were not able to detect

any xanthine oxidase in the mucosal specimens, a finding which is in accordance with

literature.'* However, in circulating blood increased activity of xanthine oxidase has been

found under chronic inflammatory conditions.'? This might explain the increased bloodlevels

of uric acid in chronic upper respiratory tract inflammation. It can be hypothesized that

increased blood levels of uric acid are needed to supplement the uric acid utilization at the

inflammatory site. Additional increase ofblood uric acid levels by NAC pharmacotherapy can

be beneficial. Although the mechanism by which this rise occurs is unclear. In addition, it

should be noted that increased activity of xanthine oxidase not only increases uric acid levels

173



Chapter IV

but also leads to increased superoxide anion radical formation. It can be expected that these

superoxide anion radicals are neutralized by various systems in the peripheral blood and

therefore do not contribute to mucosal damage in the upper respiratory tract. Although the

exact mechanism ofthis feature has to be elucidated, the components contributing to TEAC

mightplay a role in this phenomenonasthe residual antioxidant capacity (TEAC — uric acid)

is indeed lowered in patients with chronic respiratory tract inflammation. The increase of

TEACandresidual antioxidant capacity in chronic upperrespiratory tract infection after NAC

supplementation can not be explained from the experiments we performedin this thesis and

have to be investigated further by studying the effects of NAC on the separate contributors of

residual antioxidant capacity. However, a synergistic interplay between the various

antioxidant systems can be anticipated. The fact that the residual antioxidant capacity rises

after NAC pharmacotherapy may be ofparticular importance in dealing with the increased

superoxide anion radical production by xanthine oxidase under chronic inflammatory

conditions.

The positive clinical effect of NAC pharmacotherapy can be explained by increased

antioxidant defense however, other factors, such as the mucolytic activity of NAC, mayalso

play a role. Furthermore, a follow-up of 6 months in these type of disorders may be rather

short. Therefore, longer trials with possibly larger patient groups have to be performed.

Antioxidanteffects of local pharmacotherapy

Beside the investigations made on biologic material of patients with chronic upperrespiratory

tract inflammations and healthy controls we performed measurements on the possible

antioxidant properties of the decongestive compounds, oxymetazoline and xylometazoline

(chapter III-1 and chapterIII-2), These compoundsare frequently used as topical medication

in these disorders based on their a-adrenergic receptor stimulating, decongestive effects.

However, as oxidative stress may play a role in the pathogenesis of chronic upperrespiratory

tract inflammation, possible antioxidant actions may further explain the therapeutic effect.

Oxymetazoline, but not xylometazoline was shown to be a potent inhibitor of lipid

peroxidation. Lipid peroxidation is an important result of oxidative stress and results byits

chain reaction in cell membrane damage which contributes to ongoing inflammation.

Oxymetazoline contains a hydroxyl moiety on its phenylring which can donate a hydrogen

atom and by this means terminate the chain reaction of lipid peroxidation. Increased lipid

peroxidation has indeed been found in upper respiratory tract inflammation.°!°!!!?

Xylometazoline lacks such a hydrophyl moiety and is not capable of inhibiting lipid
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peroxidation. In addition, both compounds showed to be powerful hydroxyl radical

scavengers. Especially oxymetazoline proved to have an extremely high rate constant for

scavenging hydroxyl radicals, a characteristic which we werenotable to explain. As hydroxyl

radicals are strongly related to various types of biological damage during inflammation,

scavenging them may, limit the inflammatory response. It would in this respect be interesting

to investigate the hydyroxy] radical production in the inflamed upperrespiratory tract mucosa

and the effects both compoundson this hydroxylradical formation.

Although the investigations were in vitro experiments and extrapolation to clinical relevant

situation should be done cautiously, we strongly believe that the distinct antioxidant

properties of oxymetazoline and xylometazoline contribute to their therapeutic effect.

It has been reported that NO’ and NO’ metabolites, such as peroxynitrite, seem to play a role

in chronic upper airway inflammation.°?!?2*4 Wetherefore investigated the in vitro effects

of oxymetazoline and xylometazoline on the NO’ producing system NOS. NOS consists of

several isoforms of which iNOSis thoughtto be related to inflammation. cNOSplays a role

in physiological processes such as, vascular tone regulation and neurotransmission. In

contrast, iNOS is considered to be an important mediator in inflammation. We found a dose

dependentinhibitory effect of oxymetazoline and xylometazoline on iNOSactivity based on

inhibition of induction of the enzyme rather than on inhibition of the enzyme activity.

Furthermore, a moderate inhibition of CNOSactivity for both compounds was found. Direct

scavenging of NO’ could not be found. Presuming that cNOSserves beneficial physiological

functions and exaggerated iNOSactivity causes exacerbation of the inflammation the specific

inhibitory effects of oxymetazoline and xylometazoline may contribute to an inhibitory effect

in inflammation. This speculation might be strengthened by the fact that the iNOSinhibitors

glucocorticosteroids have beneficial effects in the treatment of chronic upper respiratory tract

inflammation.”> Again it should be noted that these were in vitro experiments and

extrapolation to the in vivo situation should be done with care. For instance in the

experiments no human nasal cells but instead rat cells (rat cerebellar synaptosomes and lung

alveolar macrophages) were used. This was done to prevent methodological errors in the

measurements as the assays used were designed to use these types ofratcells. Experiments

using human nasal mucosal cells and inflammatory cells can be performed to gain more

knowledge on the in vivo situation. However, we think that we made the first step in

elucidating these unknownfeatures of these “old” compounds.
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Conclusions

Based on theresearch describedin this thesis the following can be concluded:

The levels of several biologically important antioxidants are altered in nasal mucosa and

peripheral blood of patients suffering from chronic upper respiratory tract inflammation.

These findings suggest that there is an diminished antioxidant defense which may be

associated with the multifactorial pathogenesis of chronic sinusitis and nasal polyps.

Antioxidant pharmacotherapy using NAC does not only supplement the deficient systemic

levels of the antioxidants but also proves to be clinically effective. In addition, nasal

decongestants, oxymetazoline and xylometazoline, used as local pharmacotherapeutics

showed unexpected but distinct antioxidative properties which may contribute to their

beneficial effect in the treatment of chronic upper respiratory tract infection.

Although, the research described herein does not pretend to fully explain the pathogenesis of

chronic upper respiratory tract inflammation, it suggests a role for oxidative stress.

Furthermore,it offers perspectives for further elucidation ofthis interesting field.
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Summary

Chronic upper respiratory tract infections form a major problem in health care. In the

Netherlands in 1998, approximately 9 % of the population suffered from these type of

disorders. As the exact pathophysiology underlying these disorders is unknown definite

treatment remainsdifficult. Accumulating scientific data suggest a role for oxidative stress in

chronic airway pathology. This thesis describes both clinical and experimental investigations

on the role of oxidative stress in the pathogenesis of chronic upper respiratory tract

inflammation, focussing on the antioxidant defense mechanisms.

In chapter I-1 the anatomy and physiology of the nose and paranasal sinuses is described.

Furthermore, general aspects of chronic inflammatory disorders of the upper respiratory tract

are discussed.

In chapter I-2 the basic concepts of the chemical nature of oxidants and antioxidants are

outlined. In addition, the role of oxidative stress in human disease is discussed.

In chapter 1-3 a review ofliterature is given on the role of oxidative stress in upper

respiratory tract inflammation. Oxidant damage to nasal —, and paranasal mucosa caused by

inflammation, airpollution, xenobiotic inhalation, and pure oxygen is discussed. Furthermore,

endogenous and pharmacotherapeutic antioxidant mechanisms andstrategies are elaborated.

In chapter II-1 antioxidant levels in the nasal mucosaofpatients with chronic sinusitis and of

healthy controls are described. Beforchand it was hypothesized that in chronic sinusitis a

reduced antioxidant tissue status may be present. The levels of three biologically important

antioxidants,i.e., glutathione (reduced (GSH)and oxidized (GSSG)), uric acid and vitamin E,

were determined biochemically in mucosal biopsies from the uncinate process of patients with

chronic sinusitis and healthy controls.

Inflamed mucosa was obtained from 9 patients with chronic sinusitis during functional

endoscopic sinus surgery. Normal mucosa was collected from 10 healthy controls during

surgery for nasal obstruction. The data show a significant reduction of GSH levels (0.3 + 0.1

umol/g wet weight) and uric acid levels (2.7 + 0.4 umol/g wet weight) in mucosa obtained

from patients with chronic sinusitis compared to healthy controls (0.6 + 0.2 and 3.4 + 0.6

umol/g wet weight respectively). No difference was found in GSSG (24 + 8 vs 25 = 15
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nmol/g wet weight) and vitamin E (20.5 + 7.9 vs 22.5 + 6.9 nmol/g wet weight) levels

between both groups. It was concluded that reduced levels of both GSH and uric acid in

patients with chronic sinusitis lead to a diminished antioxidant defense, which may be

associated with the pathogenesis. Vitamin E seems less important. This concept may offer

perspectives for pharmacotherapeutic intervention with antioxidants.

In chapter II-2 measurements on blood antioxidant levels in patients with either chronic

upper respiratory tract inflammation and healthy controls are described. Alterations in the

blood concentrations of the biologically important antioxidants, glutathione, vitamin E and

uric acid, were determined in erythrocytes and blood plasmaof patients with chronicsinusitis,

patients with nasal polyps and healthy controls. The data (presented as mean + SD) show a

significant reduction in total glutathione level in blood samples obtained from patients with

chronic sinusitis (1977 + 480 uM) andpatients with nasal polyps (2088 + 417 44M) compared

to the control group (2335 + 343 uM). Also a significant reduction in vitamin E level was

found in patients with chronic sinusitis (16 + 12 g/mmol triglyceride) when compared to

healthy controls ( 24 + 14 g/mmoltriglyceride). This reduction could not been shown for

patients with nasal polyps (19 + 10 g/mmoltriglyceride). Uric acid levels were found to be

significantly higher in blood samples ofpatients with either chronic sinusitis (291 + 71 1M)

or nasal polyps (282 + 72 1M) compared to the values of healthy controls (214 + 58 pM). In

addition, in the same subject groups the blood levels of the total antioxidant capacity were

investigated and expressed as TEAC. TEAClevels did not differ between the blood samples

of patients chronic sinusitis (411 + 106 1M), patients with nasal polyps (384 + 80 pM) and

healthy controls (429 + 81 uM). However, the residual antioxidant capacity, obtained. after

subtraction of the contribution of uric acid from the TEAC, showed a significant reduced

level in patients with chronic sinusitis (128 + 87 1M)andpatients with nasal polyps (102 + 74

1M) compared to the healthy controls (216 + 56 4M). In conclusion, the altered levels of

glutathione, vitamin E, uric acid and residual TEAC may reflect an impaired antioxidant

defense in patients with a chronic inflammatory disorder of the upper respiratory tract which

may be implicated in the complex multifactorial pathogenesis. These findings offer

perspectives for pharmacotherapeutic intervention with antioxidants.

In chapter II-3 the effects of oral pharmacotherapy with N-acetylcysteine (NAC) on blood

antioxidant levels of patients with chronic sinusitis and nasal polyps are reported.
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Furthermore, the clinical effects of this treatment were scored. Antioxidant pharmacotherapy

has been proven successful in various oxidant mediated diseases. In recent years it has

become clear that the pathophysiology of chronic upper respiratory tract inflammation is at

least partially mediated by oxidative stress. As it was shown that antioxidant levels of nasal

mucosa and peripheral blood of patients with nasal polyposis and patients with chronic

sinusitis are decreased, beneficial effects of NAC in the management of these disorders,

which are otherwise difficult to treat, can be anticipated. The blood levels of total glutathione,

uric acid, TEAC, and the residual antioxidant capacity were measured in patients with cither

chronic sinusitis or nasal polyps who were additionally treated with 600 mg of oral NAC

twice a day for 6 months in a placebo controlled, randomized double blind fashion after

functional endoscopic sinus surgery. Furthermore, the clinical status was scored subjectively

by the patients and objectively by nasal endoscopy. In both the patient groups (nasal polyps

and chronic sinusitis) which were treated with NAC the total glutathione levels, the uric acid

levels, the TEAC levels, and the residual antioxidant capacity levels increased significantly

after 6 months of oral NAC. This was not observed for the patient groups treated with

placebo. Furthermore, in the NAC treated patients, after 6 months, no nasal complaints were

reported. Also nasal endoscopy after 6 months of middle meatus showed an open osteomeatal

unit in all cases. In contrast, in the placebo treated patients no significant effect was observed

on either subjective well-being or nasal endoscopy.

It was concluded that oral NAC improvesthe antioxidant defense mechanisms andin this way

contributes to the difficult therapeutic management of nasal polyposis and chronic sinusitis.

In chapter III-1 the antioxidant actions of the nasal decongestants oxymetazoline and

xylometazoline were investigated by measuring inhibition of microsomal lipid peroxidation

and hydroxyl radical scavenging activity. Oxymetazoline was shownto be a potent inhibitor

of lipid peroxidation (ICso = 4.9 uM at t= 15 min, ICs9 = 8.1 4M at t = 30 min), in contrast to

xylometazoline. Both compounds were excellent hydroxyl radical scavengers. Their rate

constants (k; = 1.1 x 10'* M's’ for oxymetazoline and k, = 4.7 x 10'° M's" for

xylometazoline) exceeded the rate constant of a powerful known hydroxyl radical scavenger

cimetidine (k, = 1.8 x 10'° M's"). Thedifference in inhibiting lipid peroxidation might be

explained by the fact that only oxymetazoline contains a hydroxy] moiety which can donate a

hydrogen atom and terminate the chain reaction of lipid peroxidation. The mechanism of

hydroxy] radical scavenging activity is still unclear. Moreover, oxymetazoline seems to have
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a different mode of action in scavenging hydroxyl radicals then xylometazoline and

cimetidine resulting in a extremely high rate constant. Because oxidants play a role in tissue

damagein inflammation, it was hypothesized that especially for oxymetazoline and to a lesser

extent for xylometazoline their antioxidant properties may contribute to the therapeutic

efficacy, in the topical treatment of nasal inflammation.

In chapter III-2 the effects of the nasal decongestants oxymetazoline and xylometazoline on

the enzymatic actionof nitric oxide synthase are described. As NO’ is thoughtto play a role in

inflammation of the upper respiratory tract, the aim of this study was to examinethe in vitro

effects of these compoundson the activity and the expression of the NO" producing enzymes,

iNOS and cNOS.

Experiments concerning the effects on enzymatic activity and enzyme induction of iNOS by

both compounds were performed in  lipopolysacharide (LPS) induced rat alveolar

macrophages (cell line NR8383) using the Griess assay and the ? H-citrulline assay

respectively. The effects on cNOS were examined in fresh rat cerebellum synaptosomesusing

* H-citrulline assay. The direct scavenging properties of both compounds werethe

investigated using a amperometric NO” sensor. Oxymetazoline and xylometazoline were

shown to have a dose dependent inhibitory effect on total iNOS activity indicated by

nitrite/nitrate formation in the Griess assay. This effect was found to be due to an inhibition of

induction of the enzymerather than inhibition of the enzymeactivity, as was investigated in

two separate experiments using the *H-citrulline assay. Inhibition of cNOS was moderate and

in the same order of magnitude as the inhibition of enzymatic iNOS activity. Direct

scavenging of NO’ could not be detected. As cNOS activity is thought to serve beneficial

physiological functions and exaggerated iNOS activity may cause exacerbation of the

inflammatory process, pharmacological treatment influencing the NO generating system

should focus on inhibition of iNOS alone. The specific characteristics of these decongestants

in vitro suggests suitability for this application and may indicate an additional beneficial

effect in the treatment of upperrespiratory tract inflammation.
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Antioxidanten en chronische onstekingen van de bovenste luchtwegen
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Samenvatting

Chronische bovenste luchtweginfecties vormen een groot probleem in de gezondheidszorg. In

Nederland was de prevalentie van deze aandoeningen in 1998 ongeveer 9 %. Daar de exacte

pathofysiologie van deze aandoeningen onbckendis, is curatieve behandeling vaak moeilijk.

Er ontstaat steeds meer wetenschappelijk bewijs dat oxidatieve stress een rol speelt in

chronische aandoeningen van de luchtwegen. Dit proefschrift beschrijft zowel klinisch als

experimenteel onderzoek naar de rol van oxidatieve stress in de pathogenese van chronische

bovenste luchtweg infecties, met name gericht of anti-oxidatieve verdedigingsmechanismen.

In hoofdstuk I-1 wordt de anatomie en fysiologie van de neus en de neusbijholten

beschreven. Daarnaast worden algemene aspecten van chronische ontstekingsprocessenin de

bovenste luchtwegen besproken.

In hoofdstuk I-2 wordt de chemie van oxidanten en antioxidanten besproken. Tevens wordt

de rol van oxidatieve stress bij humane aandoeningen aangegeven.

In hoofdstuk I-3 wordt een overzicht overde literatuur gegeven met betrekking tot de rol van

oxidatieve stress bij onstekingsprocessen van de bovenste luchtwegen. Oxidatieve schade aan

het slijmvlies van de neus- en de neusbijholten veroorzaakt door ontstekingsprocessen,

luchtvervuiling, biotransformatie van xenobiotica en zuivere zuurstof worden besproken.

Aansluitend worden endogene en  farmacotherapeutische antioxidantmechanismen

bediscussiecerd.

In hoofdstuk II-1 worden de antioxidant niveaus in neusslijmvlics van patiénten met

chronischesinusitis en gezonde controles beschreven. Vooraf was de hypothese gesteld dat er

bij patiénten met chronische sinusitis een verlaagde antioxidant weefselstatus aanwezig is. De

niveaus van drie biologisch belangrijke antioxidanten, te weten, glutathion (gereduceerd

(GSH) en geoxideerd (GSSG)), urinezuur en vitamine E werden bepaald in slijmvlies biopten

uit de processus uncinatus van patiénten met chronische sinusitis en gezonde controles.

Ontstoken slijmvlies werd verkregen tijdens endoscopische neusbijholten chirurgie bij 9

patiénten met chronische sinusitis. Normale mucosa werd verkregen bij gezonde controlesdie

een operatic ondergingen in verband met neusobstructie. De resultaten lieten een significante

verlaging zien (p < .05) van GSH (0.3 + 0.1 mol/g nat gewicht) en urinezuur niveaus (2.7 +

0.4 umol/g nat gewicht) in de mucosa yerkregen bij de patiénten met chronische sinusitis
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vergeleken met de gezonde controles (0.6 + 0.2 en 3.4 + 0.6 pmol/g nat gewicht

respectievelijk), Er werd geen verschil gevonden in GSSG (24 + 8 vs 25 + 15 nmol/g nat

gewicht) en vitamine E (20.5 + 7.9 vs 22.5 + 6.9 nmol/g nat gewicht) niveaus tussen beide

groepen. Er werd geconcludeerd dat de verlaagde niveaus van zowel GSH als urinezuurbij

patiénten met chronische sinusitis leiden tot een verminderde anti-oxidatieve verdediging

hetgeen mogelijk een rol speelt in de pathogenese van deze aandoening. Vitamine E lijkt

hierin van minder belang. Dit concept biedt mogelijkheden tot farmacotherapeutische

interventie met antioxidanten.

In hoofdstuk II-2 worden de metingen naar antioxidant niveaus in bloed beschreven bij

patiénten met chronische bovenste luchtweginfecties en gezonde controles. Mogelijke

veranderingen in de concentraties van de biologisch belangrijke antioxidanten, glutathion,

vitamine E en urinezuur werden bepaald in respectievelijk erytrocyten en bloedplasma van

patiénten met chronische sinusitis, patiénten met neuspoliepen en gezonde controles. De

resultaten (uitgedrukt als gemiddelde +SD) tonen censignificante verlaging (p < .05) in totale

glutathion concentratie in bloedmonsters van patiénten met chronische sinusitis (1977 + 480

uM) en patiénten met neuspoliepen (2088 + 417 uM) ten opzichte van de controles (2335 +

343 uM). Ook werd er een significante verlaging (p < .05) in vitamine E concentratie

gevonden bij patiénten met chronische sinusitis (16 + 12 g/mmoltriglyceride) ten opzichte

van gezonde controles (24 + 14 g/mmoltriglyceride). Dit kon niet worden aangetoond voor

patiénten met neuspoliepen (19 + 10 g/mmoltriglyceride). De urinezuur concentraties in de

plasmamonsters bleken significant hoger (p < .05) bij zowel de patiénten met chronische

sinusitis (291 + 71 {1M) als de patiénten met neuspoliepen (282 + 72 uM) vergeleken met de

metingen bij de gezonde controles (214 + 58 uM). Tevens werd bij dezelfde groepen de

antioxidantcapaciteit in bloed, uitgedrukt als TEAC, onderzocht. De TEAC waarden

verschilden niet tussen patiénten met chronische sinusitis (411 + 106 uM) en neuspoliepen

(384 + 80 uM) enerzijds en gezonde controles anderzijds (429 + 81 uM). Echter, de rest

antioxidantcapaciteit van plasma, verkregen dooraftrek van de bijdrage van urinezuur van de

TEAC waarde, wassignificant verlaagd (p < .05) bij patiénten met chronische sinusitis (128 +

87 uM) en neuspoliepen (102 + 74 uM) vergeleken met gezonde controles (216 + 56 uM).

Concluderend, suggereren de verlaagde concentraties glutathion, vitamine E, urinezuur en rest

antioxidantcapaciteit, een verlaagde anti-oxidatieve verdediging bij patiénten met chronische

onstekingsprocessen van de bovenste luchtwegen. Dit zou een rol kunnen spelen in de
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complexe multifactoriéle pathogenese van deze aandoeningen. Tevens bieden deze

bevindingen perspectief voor de farmacotherapeutischeinterventie met antioxidanten.

In hoofdstuk II-3 worden de effecten van orale farmacotherapie met N-acetylcysteine (NAC)

op de bloed antioxidantconcentraties van patiénten met chronischesinusitis en neuspoliepen

beschreven. Tevens werd gekeken naar de klinische effecten van deze behandeling.

Antioxidant farmacotherapie is succesvol gebleken in diverse oxidant gemedieerde zickten.

De laatste jaren is het duidelijk geworden dat chronische ontstekingen van de bovenste

luchtwegen op zijn minst gedeeltelijk worden gemedieerd door oxidatieve stress. Daar het is

aangetoond dat de antioxidantniveaus in de mucosaenhet perifere bloed van patiénten met

chronische sinusitis en patiénten met neuspoliepen verlaagd zijn, kunnen positieve effecten

van NACin de, overigens moeilijke, behandeling van deze aandoeningen worden verwacht.

De concentraties in perifeer bloed van totaal glutathione, urinezuur, TEAC enrest antioxidant

capaciteit werden bepaald bij patiénten met chronische sinusitis of neuspoliepen die

additioneel met NAC (2 maal daags 600 mg gedurende 6 maanden) werden behandeld na

endoscopische neusbijholten chirurgie te hebben ondergaan. De behandeling met NAC was

dubbelblind gerandomiseerd. Tevens werd het effect van de behandeling subjectief door de

patiént en objectief middels neusendoscopie beoordeeld. In beide patiénten groepen

(chronische sinusitis en neuspoliepen) trad een significante stijging op in totale glutathion-,

urinezuur-, TEAC- en rest antioxidant capaciteit niveau op na 6 maanden orale NAC.Dit

werd niet waargenomen bij die patiénten die met placebo werden behandeld. In de met NAC

behandelde patiént groepen had geen van de patiénten klachten na 6 maanden. 7evens werd

bij al deze patiénten op 6 maanden cen open osteomeatale unit bij neusendoscopie

waargenomen. Dit in tegenstelling tot de met placebo behandelde patiénten waarbij nog op

het subjectieve welbevinden nog op het neus endoscopisch beeld enig positief effect werd

gezien. Er werd geconcludeerd dat NAC deantioxidant verdedigingsmechanismen verbetert

en hierdoorbijdraagt aan de moeilijke behandeling van neuspoliepen en chronische sinusitis.

In hoofdstuk [[I-1 wordt de antioxidant werking van de decongestieve neusdruppels

oxymetazoline en xylometazoline gekarakteriseerd middels remming van microsomale lipide

peroxidatie en hydroxyl radicaal scavenging. Oxymetazoline bleek een potente remmer van

lipide peroxidatie (ICso = 4.9 #M op t = 15 min, ICso = 8.1 pM op t = 30 min), dit in

tegenstelling tot xylometazoline. Beide stoffen waren uitmuntende hydroxyl radicaal

scavengers. De reactieconstanten (k, = 1.1 x 10'* M'svoor oxymetazoline en k, = 4.7 x 10'°gS y

187



Samenvatting
 

M's"! voor xylometazoline waren hoger dan de reactieconstante van een bekende scavenger

cimetidine (k, = 1.8 x 10” M's"). Het verschil in remmingsactiviteit van lipide peroxidatie

kan worden verklaard door het feit dat alleen oxymetazoline een hydroxyl groep heeft die en

waterstof atoom kan doneren waardoor de kettingreactie van lipide peroxidatie kan

beéindigen. Het mechanisme van hydroxyl radicaal scavenging blijft onduidelijk. Omdat

oxidanten een rol spelen in weefselschade tijdens onsteking kan er worden gespeculecerd dat

met name oxymetazoline en in mindere mate xylometazoline een additioneel gunstig effect

hebben bij de topische behandeling van onstekingsprocessenin de neus.

In hoofdstuk III-2 worden de effecten van de decongestieve neusdruppels oxymetazoline en

xylometazoline op de enzymatische activiteit van stikstof oxide synthase (NOS) beschreven.

Daar NO’ cen rol wordt toegeschreven in ontstekingsprocessen van de bovenste luchtwegen

werden de in vitro effecten van deze stoffen op de activiteit en expressie van NO’

producerende enzymen, iNOS en cNOSonderzocht. Experimenten aangaande de effecten op

de enzymatisch activiteit en enzym inductie van iNOS door beide stoffen werden uitgevoerd

in een LPS geinduceerde ratten alveolaire macrofagen cel lijn (NR8383). Hierbij werd

respectievelijk gebruik gemakt van het Griess assay en het >H-citrulline assay. Deeffecten op

cNOS werden onderzocht in verse ratten synaptosomen middels het *H-citrulline assay. De

directe scavenging eigenschappen van beide stoffen werden onderzocht door middel van een

amperometrische NO’ sensor. Oxymetazoline en xylometazoline lieten cen dosis afhankelijk

remmend effect op de totale iNOS activiteit zien. Zoals aangetoond door nitriet/nitraat

vorming in het Griess assay. Dit effect bleek met name te worden veroorzaakt door de

remming van inductie van het enzym en in mindere mate door remming van de enzym

activiteit, zoals aangetoond middels twee onafhankelijke experimenten waarbij gebruik

gemaakt werd van het °H-citrulline assay. De remming van cNOS bleek matig en in dezelfde

orde van grootte als de remming van enzymatische iNOSactiviteit. Directe scavenging van

NO kon niet worden aangetoond. Omdat cNOS activiteit wordt gerelateerd aan gunstige

fysiologische effecten en omdat verhoogde iNOSactiviteit een inflammatoire exacerbatie kan

geven, moet farmacologische behandeling met name gericht zijn op beinvloeding van alleen

iNOS. De specifieke in vitro eigenschappen van deze decongestieve stoffen suggereren

geschiktheid voor een dergelijke toepassing. Als gevolg hiervan kan een additioneel gunstig

effect bij de behandeling van bovenste luchtweg infecties worden verwacht.

188



Abbreviations
 

Abbreviations

A absorbance
ADP adenosine diphosphate
AHR airway hyperresponsiveness
ATP adenosine triphosphate
c-GMP cyclic guanosine monophosphate

CT computerized tomogram
DNA deoxyribonucleic acid

DR deoxyribose

ECP eosinphil cationic protein

EDRF endothelium derived relaxing factor
EPO eosinophil peroxidase
G-6-PD glucose 6 phosphate dehydrogenase
GSH glutathione reduced

GSH-px glutathione peroxidase

GSSG glutathione oxidized

GS thry] radical

GTP guanosine triphosphate

HNECs human nasal epithelial cells

HOCI hypochlorousacid
H,0, hydrogen peroxide

H,O water
HPLC high performanceliquid chromatograph
Ig immunoglobulin

IL interleukin

INF interferon
k, tate constant

LH poly unsaturated fatty acid

L-NAME  N-nitro-L-arginine methylester
L-NMMA __N-monomethyl-L-arginine

L-NNA N-nitro-L-arginine
LOO lipid peroxyl radical

LOOH lipidhydroperoxide
LPS lipopolysaccharide
LT leukotriene

L lipid radical
MBP major basic protein
MDA malondialdehyde
MPO myeloperoxidase

mRNA messenger ribonucleic acid

NAC N-acetylcysteine
NADPH nicotinamide adenine dinucleotide phosphate

NAL nasal lavage fluid

NF-«B nuclear transcription factor kappa B
NO nitric oxide

NOS nitric oxide synthase

NO, nitrogen dioxide
OH hydroxyl radical

ONO” peroxynitrite

'o, singlet oxygen
0, oxygen
0, superoxide anion radical

03 ozone

PAF platelet activating factor
PLC phospholipase C
PKC protein kinase C
6-PGD 6 phosphogluconate dehydrogenase
px peroxidase
RAST radio-allergosorbenttest

RNS
ROS

SNP
SOD
TEAC
TNB
TNF
UA
URTI
XDH
XO

reactive nitrogen species

reactive oxygen species
scavenger

sodium nitroprusside
superoxide dysmutase
trolox equivalent antioxidant capacity
thiolate anion

tumor necrosis factor

uric acid

upperrespiratory tract infection
xanthine dehydrogenase

xanthine oxidase
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