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Preface

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 asthma is
well known.> During 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 granulocyies 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 presence of a
wide array of oxidative enzymes which play 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 purpose of 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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Anatomy and physiology of the upper respiratory tract



g LY e . | B L | - e

e e S s e

sl i T et wiy o B getand il s

iy v gt A o Dleyyiy
LN E ¥ 8

(LR 11T [ PTT I L -l N I -
FON | ] § =frtf

s, vl fLpeegine

vt a7 and VN oeximinie .

- e 1 . ' i -
MR | W A SIS

Ty Saripl O




Anatomy and physiology of the upper respiralory tract

Introduction

The upper respiratory 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, dust particles and allergens present in inhaled air before they enter the lungs.
Except for this filtering function the upper airways also humidify and heat the inspired air.' In
this thesis when we speak of the upper airways the nose and paranasal sinuses are meant.
Inflammatory discases 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 millions visits 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 ot 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 mean hospital 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
rhinosinusitis and nasal polyps is unknown, many research has been performed upon their
pa.lhogcnesis.?'ﬁ'9 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
immunodecficiencies 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



Chapter I-1

increased prevalence of asthma is 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 discase
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 of bone and in its lower two-thirds of cartilage. 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 scction 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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Over its entire length the internal nose is bisected into two nasal cavities by the nasal septurn.
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 below its 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 gross particles in the inspired air which are filtered out by the present hairs or
vibrissae.'’

Just behind this area the nasal valve, or internal ostium is located. This is the narrowest part 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 formed by 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 of the 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. Coronal section of the nose and paranasal sinuses. 1
inferior turbhinate; 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 commumcate 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 1s radiological visible at the age
of 6 years.'® There is a wide variety in its size and shape between people. In 3 % the frontal
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 reaches its 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 forms the floor of the anterior
cranial fossa. In antero-posterior direction the ethmoid labyrinth is divided in an anterior part
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 of fetal life and is fully developed between
the 14th and 18th vear.” 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 of the
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 bone starts 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 through its 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.u 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 microvilll are also present.”® Furthermore,
migrating inflammatory cells such as lymphocytes, macrophages, eosinophils, neutrophils and
mast cells may be 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 of the 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 cpithelium 1s
innervated by both sympathetic and parasympathetic fibers which regulate 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 Iungs.” In addition, the nose also provides the sense of smell. The “air
conditioning” function of the nose is very efficient as was shown by the experiments of
Ingelstedt in 1956 and Proctor in 1977 who both showed that the temperature and humidity of

inspired air remains constant regardless of the starting ;:.oint.zs’29

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 deeper layer (sol) of the mucous blanket into
the superficial layer (gel) and move it in the direction of the nasopharynx at a speed of 6
mm/min, the sol layer itself is not transported.” The mucous blanket on the ciliated cells is 10
to 15 um 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

. . 3 . s ; ; 32
clearing system may give rise 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 have ostia 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 mechanisms of transport of secretions in the various sinuses have

#4353837 I the ethmoid the secretions are directly guided to the

been thoroughly described.
ostium. In the maxillary sinus, where the ostium is located rather high in the medial wall, the
mucous layer is transported in a star-like pattern from the floor of the sinus in the direction of
the ostium. In the sphenoid sinus the transport is conducted in a spiral fashion. In the frontal
sinus a part of the mucous layer is directly transported to the ostium, whereas the other part is

recycled i the 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 absence of an intervening acute f:pisocle.39 Although the exact pathophysiology

12
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is unknown, the gencral 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.’**' 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 of mucociliary function

Diminished mucociliary clearance is a feature which has been consistently shown in patients
with chronic sinusitis.*>** A factor which seems to influence mucociliary function negatively
is hypoxia. It has been shown that 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.”***7 A decreased oxygen content and even an absence of oxygen has been
demonstrated in acute sinusitis and chronic sinusitis respectively.4g’49'5° The reduction of
ciliary beat frequency in chronic sinusitis is accompanied by morphological changes in the
mucosal epithelium also leading to diminished mucociliary clearance.”’ At this point it should
be noted that chronically damaged sinus mucosa, always has the potency to regain its function
after adequate aeration has been restored, regardless of the duration of the disease. It has been
shown that mucustransport in the maxillary sinus improves after endoscopic sinus surgery.
The rate of restoration may however be 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 but fall outside the scope of this review.>>*
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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. Microbial factors

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 of ostial 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 interinc'ividual 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 common identified
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 disorganize ciliary activity
or even destroy cilia.”®* Relative to bacteria, much less is known about the role of viruses in

the pathogenesis of chronic sinusitis.

14



Anatomy and physiology of the upper respiratory tract

Nasal polyps

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
predominant cell 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,

hemodynamic factors and changes in 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 18 essential.®® To date, CT-scanning of the nosc and paranasal
sinuses is the imaging modality of choice (o visualize the surgical anatomy and extension of
the disease (Figure 3).* Medical management of chronic 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
more traditional forms of surgery are still acceptable. The outcome of the surgical procedure

may differ considerably and is mainly determined by its indication.”
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Biachemical aspects of oxidative 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 studies. 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. Excep. from organ dysfunction due to direct tissue damage, it has been
shown that frec 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-cstablish the oxidant-antioxidant
balance in favor of the 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 [rom €xogenous sourccs, cither direct (i.c.

" cigarette smoke or ozone) or indirect (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 human disease are discussed.

Chemical background

Electrons in an atom or molecule occupy spatial volume clements defined by energy and
probability functions of quantum mechanics, called orbitals. each of which can contain two
electrons under certain restrictions. The orbitals contain the electrons of a compound, usually

as pairs, each clectron spinning in an opposite direction. A normal chemical covalent bond
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frequently consists of a pair of electrons also spinning in opposite directions, each component
of the bond donating one of the electrons. In contrast, a free radical is a molecule or molecular
fragment that contains one or more unpaired electrons in its outer orbital.”*

A molecule becomes a 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

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

Reduction: R+e —=R"”

Oxidation: - I %« 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 making it less reactive.

Ground state 0, |
+e
Superoxide anion 0y
radical +e+2H" |
| |
|
Hydrogen peroxide Hy,O, |
+e+H i
biiie
Hydroxyl radical ‘OH
+e+H
Water 2H,0

Figure 1. The sequential umivalent reduction of molecular
oxygen
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When two radicals meet, they share their unpaired electrons and form a stable covalent bond.
When a radical reacts with a non-radical is either donates an clectron to the non-radical or it
scavenges an electron from the non-radical. Through both reactions the non-radical becomes a

free radical which might further induce a chain reaction of free radical formation.

Oxygen derived free radicals

In biological systems molecular oxygen (O,) is considered to be the most important source of
radicals and oxidants. Molecular oxygen itself has to be regarded as a biradical as it contains
two unpaired electrons in each of its 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 ccll metabolism adenosine triphosphate (ATP) is formed from adenosine
diphosphate (ADP) by mitochondrial oxidative phosphorylation through cytochrome oxidase.
Parallel to this process tetravalent reduction of O, into water (H20) occurs. The oxygen free
radicals formed during these reactions are tightly bound to the active sites of the cylochrome
oxidase enzyme preventing them to cause cell damage.

Approximately 5% of the O, which enters 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 functioning of the cell (Figure 1).

In figure 1 the protonated an unprotonated intermediate forms of molecular oxygen during its
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 [ree radicals.® Beside the reactive oxygen species shown in figure 1, other biologically
important reactive species are known. Singlet oxygen ('O,) 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 indusiry and contributes to air pollution, in
contrast it forms a protective shield in the atmosphere against solar radiation. Ozone 1s
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 inflammatory cell 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.?’g However, the most important source of
free radicals are the constant oxidation-reduction reactions that occur diffusely i the body. A
variety of enzyme systems, such as oxidases, dehydrogenases, and several peroxidases

10
: However,

catalyze the univalent reduction of O; to superoxide anion radicals (Oz") .
univalent reduction of O, can also occur during non enzymatic oxidation-reduction reactions
and during auto-oxidation reactions. Moreover, free oxygen radicals are also gencrated 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 (H;0;) (reaction 13
20,7+ 2H - (SOD) — H,0, + O, (])

In the presence of transition metals, such as iron (Fe) or copper (Cu), superoxide anion
radicals (0;") give rise to the formation of hydroxyl radicals ('OH) in the so-called Fenton

reaction (reaction 2).'2

Fe?* + Hy0; — Fe** + “OH + OH (2)

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

metals is the Haber-Weiss reaction (reaction 3).'2

0, +Fe’* - O, + Fe*
H,0, + Fe*" - "OH + OH" + Fe*'
0"+ HyO - 'OH + OH™ + Oy 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, forming a 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 membrane lipid molecule forming a lipidhydroperoxide (LOOH)

and a new lipid radical (reaction 4, 5, 6). &

LH +‘OH — L + H,0 (4)
g IO s (5)
LOO +LH —> LOOH + L (6)

Myeloperoxidase (MPO), an enzyme expressed in activated leukocytes, catalyses the
oxidation of chloride ions (CI') by H,0; into hypochlorous acid (HOCI), which is also a

potent oxidant (reaction 7).
H,0; + CI' —» (MPO) — HOC1 + OH (7)

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

superoxide anion radicals (rcaction 8) or iron ions (reaction 9).

HOC1+ O, = ‘'OH+CI + 0, (8)
HOCI + Fe** — "OH + CI' + Fe’* (9)

Although it is not a classical reactive oxygen metabolite, nitric oxide (NO") is a biologically
important free radical and is produced by various mammalian cells.” It is synthesized through
the enzymatic action of nitric oxide synthase (NOS) which coverts the amino acid L-arginine
into L-citrulline (Figure 2).10’”"8 Under the influence of NO', guanosine triphosphate (GTP)
is converted to cyclic guanosine monophosphate (c-GMP) which leads to rclaxation of
smooth muscle cells. Therefore, NO' was initially characterized as endothelium derived
relaxing factor (EDRF). The isolation of NOS was first reported by Bredt and Snyder in 1990.
' At this moment three isoforms of NOS have been described. 2’ There are two constitutive
types (¢cNOS), one first described in neural tissue (nNOS, NOS type I) and the other in
endothelial cells (eNOS, NOS type I1I).
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L-arginine — (NOS) — L-citrulline

0

Nitric oxide (NO)

1

GTP — (guanylaat cyclase) — ¢-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 enzymes are activated by a rise in intracellular calcium ions (Ca*") and
produce small amounts of NO'. The third isoform, inducible NOS (iNOS, NOS type 1I) is not
normally expressed but is induced by inflammatory mediators such as, endotoxins and
cytokines.'” This form is less Ca*" dependent as calmodulin is integral to the enzyme. Once
induced iINOS produces large amounts of NO' over many hours.”’ NO' derived from iNOS is
involved in inflammatory diseases of the airways and in host defense against infection.”” NO*

can rapidly react with O, To form peroxynitrite (ONOQ) (reaction 10).
0, + NO" - ONOO" (10)

Peroxynitrite itself is a more potent oxidant than NO" and O, And can attack a wide array of
biological targets. Moreover, from ONOO™ the very reactive ‘OH can be formed (reaction

1 1)_23,24
ONOO + H" — ONOOH — NO, + OH (11)

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

of chemiluminescence with the characteristics of singlet oxygen.”” In addition, when

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

oxidant*®
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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 or limit

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

pI‘OCGSS&SES’ZgI

L. prevention of formation of free radicals

Z. compartmentalization of reactive species away from vital cellular structures
3. elimination of oxidants or conversion of oxidants 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 of formation of free radicals

Free radical metabolites are continuously formed during normal cellular respiration. The
tetravalent reduction of oxygen into water, catalyzed by the cytochrome oxidases is 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 formation is
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.”'

Comparimentalization of reactive species away from vital cellular structures

The primary antioxidant strategy of cells 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 as it is

. . . . . 3
known to release its iron easily under the influence of peroxides Hrlea
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Table 1. Antioxidant systems in biological systems28

System Type Tissue site Actions
Enzymalic
SOD CuZn-SOD Primarily cytosol, also Catalyzes dysmutation of Q5 into H,0;
nucleus
Mn-50D Primarily mitochondria
Cu-50D Primarily plasma
Catalase Tetrameric hemoprotein Intracellular; peroxisomes Catalyzes dysmutation of H,0, and

GSH-peroxidase
(GSH-transferase
GSH-reductase
G-6-PD and 6-PGD
Non-enzymatic

Vitamin E

Vitamin C

Uric acid

GSH

[(-carotene

Aminoacids

Glucose
Billirubin

Proteins

Glycoproteins

Selenium or non-selenium
dependent protein
Non-selenium dependent
protein

Dimeric-protein

NADP dependent enzymes

a-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

Carbchydrate
Degradation product of
heme

Albumin

Ferritin
Hemosiderine
Lactoferrin
Transferrin
Ceruloplasmin

Primarily cytosol, also
mitochondria

Primarily eytosol, also
mitochondria

Primarily cytosol, also
mitochondna
Extramitochondrial cytosol

Lipid membranes,
extracellular fluids

Wide distribution in intra-
and extracellular fluids

Wide distribution

Largely intracellular

Cell membranes

Wide distribution

Intracellular in cells with
high rates of radical
generation

High concentration in semen
plasma

Wide distribution

Blood and tissues

Wide distribution

Intraccllular
Intracellular
Present in blood
Present in blood
Present in blood

other peroxides

Catalyzes reduction of H>0; and other
hydroperoxides

Catalyzes reduction of organic
hydroperoxides

Catalyzes reduction of low molecular
weight disulfides

Supply NADFPH for GSH reductase

Converts O,”, OH and lipid peroxyl
radicals into less reactive species. Breaks
lipid peroxidation chain reactions
Scavenges O, and ‘OH. Neutralizes
oxidants from stimulated neutrophils.
Contributes to the regeneration of
vitamin E

Scavenges '0,, ‘OH, oxcheme oxidants,
and peroxyl radicals. Prevents oxidation
of vitamin C. Binds transition metals
Substrate in GSH redox cycle. Cofactor
of GSH peroxidase and GSH transferase.
Scavenging of O,7, OH, and orgzanic
free radicals

lSc:’m’,nging of 0,7, peroxyl radicals, and
Scavenges oxidants as sacrificial
antioxidant. Binds transition metals

Conjugates xenobiotics, reacts with
HOCI

Scavenges ‘OH and peroxynitrite

Scavenging of OH
Chainbreaking antioxidant

Binds transition metals. Scavenges
oxidants as sacrificial antioxidant
Binds and stores transition metals
Binds and stores transition metals
Binds and transports transition metals
Binds and transports transition metals
Binds transition metals. Promotes iron
binding to transferrin

Abbreviations: GSH = glutathione; Cu = copper; Zn = zinc; Mn = manganese; O, = superoxide anion; H,0, =
hydrogen peroxide; G-6-PD = glucose 6 phosphate dehyrogenase; 6-PGD = 6 phosphogluconate dehydrogenase;
NADPH = nicotinamide adenine dinucleotide phosphate; ‘OH = hydroxyl radical; 'O, = singlet oxygen; HOCl =

hypochlorous acid.

30



Riochemical aspects of oxidative stress

Ten percent of the iron is stored in myoglobin, and a small portion in iron containing
enzymes, such as lactoferrin and transferrin, that servc 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 becomes available for catalyzing “OH formation. Next to the ferritin bound iron,
cells contain a transition pool of iron from which iron is withdrawn to form iron containing
proteins. Although iron from these stores is available for free radical formation it seems that
these stores are compartmentalized away from free radical reaction sites.*®

The main binder of copper ions in plasma is albumin.’’ Also the glycoprotein ceruloplasmin
binds copper. Moreover, ceruloplasmin, by means of the enzyme ceruloplasmin ferroxidase,

promotes the iron binding to transferrin as it catalyses the oxidation of Fe** to Fe**.*®

Eliminating oxidants or conversion of oxidants into less toxic species
The most studicd group of antioxidants in the intracellular and extracellular spaces are those
compounds that eliminate oxidants or converse them into 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,0, through primarily reducing
and subsequent oxidation by two superoxide anions of the metal ion (Cu, Zn, Mn) of the

enzyme (reaction 12).

SOD-Cu*" + 0, = SOD-Cu’ + O,
SOD-Cu' + 0,” + 2H" - SOD-Cu*’ + H,0,
Overall: 207 =k JH' - 02 + H,0, [12)

The rate constant of this reaction is 10" times the rate constant of spontancous dysmutation of

O," at normal pI—I.3 ? This means that normally no superoxide anion is available for reaction
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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 arc 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 shown to increase.” It should be noted at
this point that H;O;, a reaction product of dysmutation of Q;" is also capable of inactivation
of SOD by the formation of ‘OH.*' However, as H,0; has a low affinity for SOD compared to
catalase and peroxidases, interplay between them offers adequate antioxidant protection.

Catalase catalyzes the conversion of H,O» into water and oxygen (reaction 13).
2H,0, — (cata]ase) — 2H,0 + O, (13)

It has appreciable reductive activity for only small peroxide molecules such as, H,0,, 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 H,O; in acrobic cells, and is
therefore highly compartmentalized in mammalian cells.”® Catalase activity is highest in
erythrocytes.

Glutathione peroxidase is the key enzyme in the so-called glutathione redox cycle which is
considered the central mechanism of intracellular reduction of hydroperoxides (Figure 3). The
redox cycle 1s complementary to catalasc in the elimination of H,O, 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
arc reduced by the selenium containing GSH peroxidase into their corresponding, less

reactive alcohols at the expense of GSH that 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

g

NADP” NADPH

=

GSH-reductase

2 NE

GSH GSSG
HgOg — —r Hzo
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 one hand this
high ratio ensures the availability of reduced glutathione (GSH) to deal with radical stress. On
the other hand a excess of GSSG is avoided as GSSG is known to be cy[otoxic.“ The cell
possesses two mechanisms by which high levels of GSSG are avoided. First, GSSG can
actively be transported out of the cell by a transmembrane transport mechanism.* Second, the
enzyme GSSG-reductase is capable of reducing GSSG back into GSH. The necessary
NADPH is provided by the hexose monophosphate shunt. The antioxidant effect is indirect
through the capacity to generate NADPH which is used in the redox cycle. NADPH does not
directly scavenge oxidants.* Like GSH-peroxidase, GSH-reductasc 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 H,0, can inactivate SOD but also O,” can inhibit catalase and

" 2 5
peroxidase function.®

33



Chapter I-2

Most cells have a different class of GSH-peroxidases which are the non selenium dependent
GSH transferases. GSH-transferases catalyze the reaction between organic hydroperoxides,

but not H,0,, 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;O (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-tocopherol is a lipid soluble vitamin that represents the principal defense in
radical induced cell membrane injury. The o-tocopherol molecule can be divided in two parts,
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 zone of the lipid bilayer."*

HO

Chroman head Phytyl chain

Figure 4. Chemical structure of o-tocopherol

34



Biochemical aspecis of oxidative stress

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) which is 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 has to 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 where it inhibits lipidperoxidation by interrupting
the chain reaction through scavenging the lipid peroxyl radicals (LOO"). Inhibition of lipid
peroxidation in blood by vitamin E is marginal, other yet undefined compounds may possibly
play a more significant role 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. Its water
solubility allows it to be widely available in both the extracellular and intracellular spaces. In
relatively high concentrations vitamin C can directly scavenge Oz", and "OH under the

formation of the vitamin C radical (dehydroascorbate radical, vit C°) (reaction {8y

Vit C +°OH — Vit C+ H,O0+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 known to have distinct pro-oxidant properties.'*** In
the presence of iron or copper also the vitamin C radical can be formed by the reduction of

Fe'* to Fe’" (reaction 19).

Fe'* + Vit C — Fe?* + Vit C' + 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).49

2Vit C' + 2H" — VitC + DHA (20)

Vit C + Fe’* — DHA + Fe** (21)

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

Vit C + O, = DHA + H,0O, (22)

All these reactions provide the necessary ingredients for the Fenton reaction (reaction 3) to
occur and form "OH radicals, which may induce tissue damage. It has become clear that the
degree of iron reduction determines the prevalence of vitamin C to act as a pro- or

. b 2
antioxidant.

Glutarhione (GSH) is a tripeptide containing a thiol (SH) group which plays a pivotal function
in several antioxidant protective systems. The GSH-peroxidases and transferascs 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 O;", "OH, and organic free radicals.> Furthermore, GSH is shown to 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).*>°%%

There 1s 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).58'59
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R VitE 1o GSSG
Free radical
reductase
RH Vit E GSH
Membrane Cytosol

Figure 5. Schematic representation of regeneration of vitamin E by
glutathione through catalytic 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,
GSH can regenerate vitamin C (reaction 23), providing indirect a reducing equivalent for the
reduction of Fe’* to Fe’" and by this means GSH can indirectly act as a pro-oxidant. On the
other hand due to delocalisation the unpaired electron in the vitamin C radical is more stable
than in the thiyl radical leading to an indirect antioxidant effect.”” The physiological relevance
of the interplay between GSH and vitamin C is not fully clear yet.60

Uric acid is formed from the catabolism of purines by the enzyme xanthine dehydrogenase
(XDH) (reaction 25). The enzyme uses NAD" as the electron acceptor, but may be converted
from this XDH form into the xanthine oxidase (XO) form, which transfers the reducing
equivalents dircctly to molecular oxygen (reaction 2{5).GI During for instance ischemia

adenosine triphosphate forms hypoxanthine providing a substrate for xanthine oxidase.
xanthine + H,O + NAD' — (XDH) —)ILlrate +NADH +H' (25)
xanthine + H,O + 20, — (X0O) — urate + 20,7 + 2H' (26)
Uric acid has powerful antioxidant properties.®? At physiological pH, 99% of the uric acid is
present in the form of its monovalent anion urate which means that only reactions involving

urate are impormm.m Urate has been proven to directly scavenge hydroxyl radicals, singlet
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6354 Furthermore, urate represents the major inhibitor of ozone

oxygen 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 antioxidant in that it 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 + Vit C (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 have their own specific antioxidant properties but will not be discussed here in detail *

Reparation of molecular damage by free 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 A, and selenium dependent phospholipid hydroperoxide

7070 Although the exact stimulus for cell

glutathione peroxidase has been reported.
proliferation after oxidant damage is uncertain, cell proliferation has been shown for lung
cells and endothelial cells.”* Cell proliferation may not only allow replacement of injured cells

during hyperoxia but also 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
rheumatoid 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).4

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

2 diminished antioxidant defense through mutations affecting antioxidant defense

enzymes or depletion of antioxidant defense.

!q

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-
B promoting the expression of pro-oxidant proteins and enzymes. NF-kB 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 of all kinds of mediators such as
prostaglandins, interleukins, cytokines, and reactive oxygen spu::|'.:if:s.7‘1 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 course of the tissue
injury and direct application of the ROS to 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 of the agent or inhibition of its formation.”
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Tissue injury

2

Oxidative stress

Induction of antioxidant and C%:) Early stage of tissue injury
other defence systems

Late stage of tissue
injury, accompanied by
cell death Antioxidant
defense
[] induction
ﬂ inadequate
or non-
existent
Neutralisation of Necrotic death of some
oxidative stress cells spreads injury to
others

v

No adverse contribution Aggravates disease.
to disease pathology Amenable to antioxidant
intervention

Figure 6. The significance of oxidative stress in human disease. Flowchart according to Halliwell
and Gutteridgc.4

Antioxidant therapy consists of antioxidants that prevent disease and antioxidant
pharmacotherapy. Preventive antioxidants are predominantly diet derived. For instance
vitamin E has been shown to have a protective role in cardiovascular disease. Also vitamin C,
B-carotene, and selenium are implicated in preventing cardiovascular disease.”’ Furthermore,
it has been shown that 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 proccsses. 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 shown to 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 wvartous

inflammatory pulmonary disorders.**®' Furthermore, a wide range of other endogenous and

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

; " 4 2
radical mediated diseases.*?
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Chapter 1-3

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 darﬁage.
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

upper respiratory tract pathologies are mentioned.
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Introduction

For efficient 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 may lead 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 (o
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 xencbiotics may destruct nasal mucosa. All these mechanisms have one
thing in common i.e. the damage is at least partially mediated via reactive oxygen specics
(ROS). Important ROS are, the supcroxide anion radical (O;"), the hydroxyl radical (OH),
and hydrogen peroxide (H,0»). Other, especially biologically important ROS are the lipid
peroxyl radical (LOO), singlet oxygen (102) and peroxynitrite (ONOO). The latter is formed
from the reaction between O, and the 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
compounds are 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 discases. For the lungs
exiensive reviews have been published indicating that an imbalance between the presence of
free oxygen radicals and antioxidative defense mechanisms is at least partially responsible for
several pulmonary disorders. 123 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 discases like rhinosinusitis and nasal
polyps.

In this review we describe mechanisms of oxidative stress leading to damage of upper alrways
and the development of subsequent discase. Morcover, 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 become activated. Under resting conditions these cells consume little oxygen (O,),
since they rely mainly on glycolysis for ATP production. However, activation of these cells
leads to a marked increase in O, uptake also known as the respiratory or oxidative burst. In
normal phagocytosis, the cytotoxic reactive oxygen species are used o desiroy invading
microorganisms. * The respiratory burst is 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 (]‘L—S).s 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 burst itself.
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 of the
cell membrane including that lining the phagocytic vacuole (Figure 1).

NADPH-oxidase reduces oxygen to superoxide anion radicals by utilizing an electron derived
from the oxidation of NADPH into NADP". NADPH is provided by the cytosolic hexose
monophosphate shunt. Although the mechanism of activation 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) catalyz>d cleavage of membranc
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) which activates
the NADPH-oxidase system via phosphorylation of a number of proteins. The
polyphosphoinositol groups generate increased cytosolar calcium (Ca3+} levels from
intracellular stores and from the extracellular environment which greatly 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
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occur either spontancously (ratc constant 1 x 10° M s, or catalyzed by the intracellular

enzyme superoxide dysmutase (SOD) (rate constant 1 x 10° M1 s™)?

Phagocyte

L-arg (NOS) L-cit
§0'

NADPH-oxidase
on cell membrane
Microorganisms
Hexose monophaosphate shunt

Figure 1. The respiratory burst by phagocytes. The membrane bound NADPH-
oxidase generates O, from 0, during phagocytosis. The enzyme myeloperoxidase
(MPO) oxidizes the halide chloride (CI') to form the potent bactericidal hypochlorous
acid (HOC]). The extremely reactive ‘OH are formed from O." in the presence of
transition metals. NO' is formed from the conversion of L-arginine to L-citruline by
nitric oxide synthase (NOS). The reaction of O,” with NO’ leads to the formation of

peroxynitrite (ONOO").

Superoxide anion radicals are moderately reactive compounds capable of acting as an oxidant
or reductant in biologic systems. This relative inactivity allows O, to diffuse for considerable
distances before it exerts its toxic effects. extracellular generated O, can gain access t0
intracellular targets via cellular anion channels."

Hydrogen peroxide is a more reactive oxidant than O,” , and readily diffuses across cell
membranes. In addition, H,O, 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 (HOCI), which has potent antimicrobial action.!! Moreover, MPO and

EPO are cationic enzymes, allowing them to stick 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 by free radicals

Lipids Peroxidation of polyunsaturated fatty acids in organelles
and plasma membranes

Proteins Oxidation of sulfhydryl-containing enzymes with
subsequent inactivation of the enzyme

Carbohydrates Polysaccharide depolymerization

Nucleic acids Base hydroxylation, cross-linking, scission of DNA strands

causing mutation and inhibition of protein, 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 known to
react with whatever biologic molecule is in its vicinity. Although free radical production is
essential 1o host defense, i.e. an optimal microbial activity of phagocytes depends on free
radical production, it exhibits a broad spectrum of biotoxicity."? 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 enzyme nitric oxide synthase (NOS).'® There are three
1soforms of NOS of which two are of the constitutive type (¢cNOS) and one is 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 1n 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 iNOS produces large
amounts of NO" over prolonged periods of time.'® Once formed NO' has the ability to act as

an oxidizing agent alone or interact with O," forming peroxynitrite (ONOQ") 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 respiratory tract

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 RNS all designed to 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

may contribute 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.”> The level of ROS and RNS production of mammalian cells
after viral infection exceeds that required for the physiologic process of cell activation which
is mediated through the activation of redox-sensitive transcription factors.>* This phenomenon
nicely illustrates the dual role of ROS and RNS: metabolic regulation of cells and a
phagocytic defensc 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
ROS are released but also because activated phagocytes may release pro-oxidant cytokines,
such as tumor necrosis factor (TNF) and interleukin-1 (IL-1).2 Influenza viruses have been

shown to 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 may cause the release of nuclear
transcription factor kappa B (NF-xB) from its cytoplasmatic inhibitor protein leading to
induction of the transcription of cellular and/or viral genes. NF-xB 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 O, production, thereby limiting tissue inj 1.11‘)/.'7’3’34 On the other hand when the
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. i

In addition to activated phagocytes, respiratory cpithelial cells themselves are also capable of
producing ROS after viral challenge with, for instance, thinovirus.” Production of oxidative
species after rhinovirus stimulation, mediates the elaboration of the proinflammatory cytokine
interleukin-8 (IL-8) through subsequent activation of NF-xB. 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-kB activation

337 However, rhinovirus stimulated increases in H;O» release are not

and IL-8 elaboration.
altered by NAC, suggesting that rhinovirus stimulation of IL-8 in respiratory epithelium was
mediated through the production of ROS and the subsequent activation of NF-kB.”’

An alternative pathway of oxygen radical formation is via the 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 shown that, in influenza infected animals, both the

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

alveolar lavage 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 shown in 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 such as iron or by inhibiting the synthesis of antioxidant enzymes such as superoxide
dysmutase.”>?® In contrast, infection of human airway epithelial 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 therapy in viral infections is unclear. It may be particularly 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 shown in vitro
cxperimcnts.‘”

Next to ROS, formation of RNS may play 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 pathogcns.48 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.c. interferon y (INF-y) and TNF-0.”° In addition, the well
known antiviral effector molecule in host defense, IFN-af, downregulates the NO" production
of virus infected macrophages. Similar down regulation of iNOS expression was reported for
the cytokines 11.-4 and TL-10 during influenza virus infection in mice preventing gxcessive
NO' production.’® Although NO' suppresses virus replication in situ, overproduction of NO
together with the production of 05", 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 treatment of viral 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 rhinosinusitis
the Streptococcus pneumoniae, the Haemophilus influenzae, and the Moraxella catharrhalis
arc considered to be the most important pathogens. But also other Streptococcus species,
Staphylococcus aureus and anaerobes are 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 microorganisms are especially susceptible to oxidative damage as
they often lack antioxidant mechanisms observed in acrobic 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
phagosome is closing.

The impossibility to generate free radicals, i.e. in patients with chronic granulomatous disease
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 H0,. 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.j? For instance, H,0,

produced by Streptococcus pneumoniae may play a role in host cellular injury as it has been
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shown to damage rat 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 process is 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 peroxidation is
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 MDA levels
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 common pathogen in acute sinusitis Pseudomonas aeruginosa derived
products pyocyanin and 1-hydroxyphenazine impair respiratory 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 pneumococcal otitis media in guinea pigs, mucosal levels of both LOOH
and MDA were significantly elevated compared to control 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 presumed to
be an important oxidant in the pathogenesis of otitis media. Apart from the fact that H,O» is
generated by a number of bacteria which are known to cause acute upper airway infection,
H,O, has indeed been identified in the middle ear fluid of a guinea pig model of

pneumococcal ofitis media and was correlated with the inflammatory changes of the middle
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ear mucosa.’ Also the H,0, 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 H,0, into water and oxygen, have been
found in middle ear mucosa of 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 0,9 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 staphylococeus aureus as they generate a
toxin which kills the phagocyte before they can be killed by the phagocyte. In addition,
pneumococci resist phagocytic uptake by covering their surface with a hydrophobic capsule.”
Also pneumococci are shown to generate a specific respiratory burst inhibitor of
polymorphonuclear lel,mocytes.?0’"’I 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 Hacmophilus species, have been found to
contain copper-zinc 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 upper respiratory tract microbial pathophysiology is anticipated the exact role needs to be

further established.

Chronic upper airway inflammation

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 HNECs to reactive oxidants such as O,”, generated by a enzymatic xanthine-
xanthine oxidase system, or H,O,, generated by glucose-glucose oxidase system, or reagent
H,0, or HOCI results in significant alterations in ciliary bea‘ting.m The earliest change noted
was the presence of ciliary 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 DNA repair enzyme inhibitor, significantly
prevented ciliary slowing caused by superoxide anions and H>O» but not by HOCI. This may
indicate that free radical mediated damage to DNA may be at least partially responsible of the
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 anion radical 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 movement of the epithelial
cilia.”””™ This finding indicates a dose-dependent effect of free radicals on ciliary beat

frequency in HNECs.”

The role of the eosinophil

In chronic sinusitis and nasal polyposis the main infiltrating celltype 1s the eosinophil.m‘go The
cosinophil 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 (—;I:ri‘[l:hf:lium.81 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
cosinophils was observed with minimal or no signs of ecosinophil degranulation.™
Furthermore, MBP has been proven to cause ciliostasis in human nasal sinus mucosa.”
During eosinophil granulation except from MBP other proteins such as eosinophil peroxidase
(EPO) are released. Tt has been shown that human nasal epithelial cells are severely injured
when they are exposed to EPO-H,0,-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-H,0»-halide system.** Extrapolating this to the situation in vivo higher
eosinophil to target cell ratios are necessary for cell injury via MBP release than via the EPO-
H,0,-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 plasma proteins, albumin in particular, into the

85,86,87

nasal mucosa and into the nasal secretions occurs. Albumin is an important extracellular

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 shown that in nasal secretions from patients
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 be an interesting finding as
ECP is known to 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.'>*°

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 were found to be significantly higher in NAL of patients with chronic sinusitis
compared to NAL of healthy controls. Moreover, in these experiments a strong correlation
between MPO and the 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 development of 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 AHR occurs remains unclear however, a multifactorial pathway can be anticipated.
Antigen challenge may cause activation 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 may lead to AHR.”
Eosinophils of patients with allergic rhinitis have been shown to have increased oxidative

1% Moreover, the role of superoxide anions

metabolic function compared to normal controls.
in the development of AHR has been shown in cats."”’ PAF, which is 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

vitamin E.'” Next to ROS, RNS are thought to play an major role in nasal allergy.'*4103106
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The role of RNS in upper airway inflammation is discussed in a separate paragraph (vide

infra).

Nitric oxide

Site of formation

In healthy subjects exhaled NO™ mainly originates from the upper respiratory tract with a
relatively minor contribution from the lower airways.'””'”® The predominant location for NO'
production is thought to be the paranasal sinusses.'” Via immunohistochemical and mRNA in
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
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.' %1131
In fact, strong positive iNOS immunoreactivity, but no significant cNOS positivity has been
found in ciliated cells of human nasal turbinates.!'” In contrast, Furukawa et al, showed strong
immunostaining for ¢cNOS in vascular endothelium, surface cpithelium and submucosal
glands in human nasal turbinate 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
NOS activity, 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.!'> These findings may support the biological significance of NO in
mucociliary clearance. Clinically, the absence of nasal NO’ in Kartagener’s syndrome and
significant reduction of nasal NO" in children with cystic fibrosis has been reported.''>'** This
may at least partially explain the recurrent infections 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-NAME), an inhibitor of NO" synthesis.
Mucin secretion however was not inhibited by L.-NAME, indicating that glandular secretion 1s
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 yolume.'”*!?* 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" may be of greater
importance for resistance vessel (arteries and arterioles) than for capacitance vessel (veins and
venous erectile tissue) function. However, this obscrvation 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.'?® Tn 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 rhinitis.'*’ A positive relation between nasal NO" and nasal resistance
was also found by Tmada et al. '® Moreover, NOS immunoreactivity has been detected in
mast cells of human nasal mucosa indicating that mast cells contain a particulate isoform of
¢NOS 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.’®"*"'*? 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

'3 Another explanation for the discrepancy may

may 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 which is not responsible for
vascular tone regulation as this is controlled by nasal vascular cNOS, ' %2134

At this point it should be noted that there is no standardized technique for measuring nasal
NO. In 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.'*® Nasal NO'
concentrations were found to be inversely correlated with transnasal airflow which makes it
vital to use a constant flow rate during measurements. Therefore, the fixed flow exhalation
method is considered to be the preferred method. In addition, NO" contribution from the lower
airways should be cither 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

optimizing the ventilation/perfusion ratio,'*”'#*!%

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
monitoring upper airway disease.'*’ Within the respiratory tract pathogenic microorganisms
have been shown to induce NOS.'*' NO' has strong antiviral and moderate antibacterial

42143 The airborne NO' may even represent the very first line of defense in the

effects.
airways, possibly acting on pathogens even before they reach the mucosa.”’ During viral
upper respiratory tract infection (URTT) it has been shown that during the acute phase the
exhaled NO concentration increases significantly. During recovery exhaled NO' returned to

! These findings indicate a role for NO' in regulating URTI. In contrast, Ferguson et

normal.
al,, did not find any difference in exhaled NO" levels between the acute stage of a common
cold and the values obtained when the 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

. il % . - 5 ; , : 147
subjects. Nitrite concentrations did not change over the course of rhinovirus infection.
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These latter findings may contradict a role of NO" in the pathogenesis of URTL

In patients with allergic 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 washings of patients 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 compared to healthy controls.!* This was confirmed by
Kang et al, who showed strong immunostaining of iNOS especially in the submucosal glands
of patients with allergic rhinitis. Furthermore, they found increased production of
peroxynitrite (ONOQ"), as represented by the accumulation of 3-nitrotyrosine, suggesting that
this toxic NO' metabolite may be at least partially responsible for the symptoms of allergic
rhinitis.'*® Sato et al, also found increased levels of NO' and nitrotyrosine in nasal mucosa of
patients with allergic rhinitis compared to healthy controls.'>' They proposed a vicious cycle
of perennial nasal allergy. As a response to the allergic 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 Q" during reperfusion. From
NO' and Oy rapidly ONOO™ is formed which aggravates the edema. In turn the edema
produces ischemia.”®’ The key cells in the formation of ONOO™ may be the eosinophil as i
has been recently shown that intranasal administered eotaxin, a potent chemoattractant for
cosinophils, causes clinical symptoms of nasal allergy with elevated levels of NO', and
nitrotyrosine. L3

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 proven (o be significantly lower than in healthy controls.'“® Decreased nasal
NO' may be theoretically caused by two factors. First, through diminished production of NO'
in ciliated cells of the paranasal and nasal mucosa. Second, through narrowing of the ostia of
the paranasal sinuses. Diminished production of NO' in ciliated cells might be due to
metaplasia of ciliated epithelium into cuboidal and squamous epithelium a feature occurring
in chronic sinusitis and in smoking. Indeed, nasal NO' has been reported significantly lower in

smokers than in healthy subjects.'*** Narrowing of the sinus ostia occurs frequenily 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 may serve 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
compared (o 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

iNOS activity has been shown in 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 O; 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 O;. The thickness of the epithelial lining fluid in the
upper respiratory tract (5-10 pM) is larger than in the alveoli (0.2-0.5 uM) and therefore
direct cellular damage is expected in the lower respiratory tract , whereas secondary products,
such as aldehydes and hydrogen peroxide are responsible for the deleterious effects in upper
airways.'®' The capacity of Oj to oxidize unsaturated lipids and protein sulfhydryl groups is

e Moreover, the

presumed to be the mechanism by which Oz exerts its cellular toxicity.
antioxidants GSH, uric acid, and vitamin C directly react with Os and serve as sacrificial
antioxidants.

Within the nasal cavity O; 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 rcportcd.”"‘
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Moreover, a transient but marked increase in DNA replication, indicating cell proliferation,
was seen in nasal epithelial cells of rats afier 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

166 Next to cell proliferation, repeated

used 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.'°”'® In 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 I11-8
decreased after exposure to ozone, other studies have shown increased release of

17 :
071 por 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 lavage fluid after ozone exposure. Moreover, the

2" These factors may

exudation markers albumin, urea and uric acid were also detectable.
contribute to the development of chronic 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 reduced ciliary 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 metapl:a;sia.”'B’m’”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 enzymes in 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 cosinophilia leading to mucosal injury and decreased ciliary

activity possibly contributing to airway hyperresponsiveness.'80’181 These effects may very
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well be caused by lipid peroxidation as this has been shown to occur in rat nasal tissue after
exposure to nitrogen dioxide.'® As vitamin E levels in rat nasal tissue were relatively high,
the peroxidation in this site seemed not attributable to a high sensitivity to oxidants. However,
the minimal capacity of the mucous lining layer to scavenge oxidants was suggested to be

182

responsible for the peroxidative effects of nitrogen dioxide. ™ Inhalation of the oxidant sulfur

dioxide in higher concentrations is known to result in suppression of mucociliary clearance,

170,183 » > .
In mice early lesions were observed in

mucosal edema, and increased nasal resistance.
the nasomaxillary turbinates consisting of edema, necrosis and desquamation of the
respiratory epithelium." Furthermore, sulfur dioxide exposure leads to influx of mast cells
and lymphocytes into nasal lavage fluid. These factors may contribute to upper respiratory
tract inflammation.'® In fact sulfur dioxide containing outdoor pollution has been shown to

have adverse effects on the symptoms of allergic rhinitis.'°

Hyperoxia

In addition to airborne pollutants, oxygen itself is 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

188,18
881%9 The former

seen reflecting replacement of susceptible cells by more resistant cells.
morphologic and biochemical alterations suggest an protective mechanism of nasal 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 enzymes are involved in the oxidation of a wide array
of substances at the expense of O,, 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 ¢
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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 as a 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 1s catalyzed by
cytochrome P450 with either NADPH/O, or peroxide as cofactor ROS play a central role in
the reaction cycle and may cause adjuvant cellular damage.‘92 For instance, ¢ytochrome P450
may, under certain xenobiotic induced circumstances, generate excessive amounts of
superoxide anion radicals which may dysmutate to H2O; and other ROS which have been
implicated in the initiation of lipid peroxidaticm.193 This phenomenon has not been shown
specifically for human nasal mucosa. However, hyperoxic exposure to rat nasal epithelia has
been shown to give a significant decrcase 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-transferasc 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. 717

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 function as a pro oxidant.” In addition, combined exposure of rat 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 arc potentially subjected to a variety of oxidant stresses. Except
from oxidant attacks from inflammatory cells, exogenous oxidants such as ozone (Os),
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 H,O; 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
H;0O, but also other peroxide molecules such as lipid hydroperoxides may be reduced.
Catalase converts H,O, into water and oxygen and is mainly located in intracellular
peroxisomes.’ GSH-px, a cytosolic selenium dependent enzyme, catalyses the reaction in
which H;0, 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, which is 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 antioxidanis 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 process of lipid peroxidation.”” Vitamin C is a
more hydrophilic antioxidant and may quench radicals 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 binds transition metals.”***® Uric
acid has free access to all extracellular fluid compartments. From the thiols the hydrophilic
tripeptide GSH plays a pivotal role in several antioxidant systems. Except from its function in

206

the 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.%7 The fat-soluble p-carotene and the hydrophilic amino acid taurine serve as free
radical scavengers.'

Larger molecular weight antioxidants include transferrin, lactoferrin, albumin, and
ceruloplasmin. Lactoferrin and transferrin 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 important transition metal, copper.*”%

Antioxidants in the upper respiratory tract

Epithelial antioxidants

In the nasal mucosa several antioxidants have been shown to 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 lamina 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 found to be highest in the nasal olfactory areas suggesting a site
specific different requirement of the nasal cavity in detoxifying superoxide anions. In middle
ear mucosa of guinea pigs with otitis media decreased levels of SOD were found compared to
healthy animals, Indicating an impaired antioxidant defense against 0,"% In contrast,
clevated levels of catalase were found in infected guinea pig middle ear mucosa suggesting a
increased antioxidant potential in the defense against H,0,.9

GSH, has also been detected in rat nasal epitheli um.>'? Although the exact role of GSH within
the nasal epithelia remains unclear it was found that the concentration in respiratory
epithelium is rather high (2.67 + 0.42 pmol/g tissue) compared to other tissues. The liver (6.1
umol/g tissue) and the kidney (3.96 pumol/g tissue), where the importance of GSH has well
been established have similar or higher concentrations.”!' Furthermore, a high GSH turnover
rate was observed in the nasal respiratory epithelium after intravenous 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 compared to rat nasal tissue (0.6 + 0.2 pmol/g
wet weight tissue vs. 2.67 + 0.42 umol/g tissue), GSH has also been found to be present in
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 was not observed. *'> This might
be explained by the efflux of GSSG out of the cells into the blood stream and reduction of
GSSG by the enzyme GSSG reductase *'

212,214

Uric acid has been reported to occur in human nasal mucosa. However, in these same

experiments the presence of xanthine oxidase, the enzyme responsible for uric acid synthesis,

could not be detected. It is speculated therefore that uric acid is taken up by nasal glands from

1% In addition it was found that the mucosal level of uric acid was decreased in

2

plasma.
patients with chronic sinusitis, again suggesting diminished antioxidant defense.?'
Vitamin E levels have been shown not to 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 normal subjects, indicating a unsaturated state of the tissue.2'°

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 RTLFs can
be augmented by processes such as transudation/exudation of plasma constituents, secretory
processes from glandular and epithelial cells, and cellular antioxidants derived from lysis of
epithelial and inflammatory cells.'®" Accurate measurement of RTLFs constituents is difficult
as substantial dilution and influx of solutes from non-RTLF sources into 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

problems and provides accurate and reliable results.”"’
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1. Uric acid

Uric acid has been shown to be a major low molecular weight antioxidant in upper respiratory
tract lining fluid.2'*?'8?!° The approximate level of uric acid in nasal lining fluid has been
reported to be 160 uM.m However, more accurate determinations show a level of 225 + 105
pM.m Uric acid functions as a sacrificial antioxidant as 1t protects not only upper respiratory
tract epithelial cells but also other constituents of nasal RTLF from oxidant injury. For
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

222 Urate has indeed been proven to be depleted in

independent from the O3 concentration.
human nasal lavage fluid after in vitro O3 exposure confirming its protecting effect on the
upper respiratory tract from the oxidant effects of ozone.”*’ Although the levels of uric acid in
nasal lavage fluids is lower in women than in men, and age may effect lavage uric acid, it may
be nsed as a marker for O, sensitivi‘ry_224 Furthermore, as the urate concentration in nasal
secretions is similar to the concentration in plasma, it provides a useful marker for nasal

egpithelial lining fluid volume to which other lining fluid constituents, such as antioxidants,

can be related.*®

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

181 The level of vitamin E in nasal epithelial lining

reported to be 40 pM 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 ct al,, found GSH levels of 1.27 + 1.72 uM.m
Blomberg et al., found GSH levels in nasal lavage fluid between 0.6-2.5 uM.*#" Houscly ct
al, found GSH levels between 0.02 and 0.16 puM.”* All these authors used
spectrophotometric techniques to measure GSH. More recently van der Vliet et al., could not
detect any GSH at 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 It 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 mechanisms at the 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, i.c. smoking modulates antioxidant concentrations either
through direct oxidant effect or through an indirect oxidant effect caused by the inflammatory
rcspons.228 This suggests that this may also be true for nasal epithelial lining fluid. Although
diesel exhaust exposure has shown to increase the level of vitamin C in the nasal lavage fluid

227

other investigations have not shown such effects.”" In fact no measurable change in vitamin

C and GSH levels in nasal lavage fiuid was found after exposure of normal human volunteers

223,226

to O3 compared to exposure to air. Therefore the exact role of GSH and vitamin C as

antioxidants in nasal epithelial lining fluid remains unclear.

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 propcrtics.zzq The
most important metal binding proteins are albumin, lactoferrin, ceruloplasmin and
transferrin.'®! Albumin is a copper binding plasma protein 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 defense in these disorders.® Also increased oxidant burden caused by ozone has
been shown to increase albumin levels in nasal lavage fluids suggesting increased antioxidant
potential 230231232

Lactoferrin, a nasal glandular protein, is an important scavenger of iron and presumably kills
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 abnormal cholinergic responses leading
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to diminished mucus and thus lactoferrin secretion. This glandular abnormality may represent

87.234 In addition, activated

a 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 compared to 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 oxidant stress. 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 of ROS formation

During inflammation superoxide anion radicals are formed by phagocytes in a reaction
catalyzed by the enzyme NADPH-oxidase.* Although the direct inhibition of this free radical
generating system has been extensively described no data are available on the clinical effects
of this inhibition in upper respiratory tract inflammation.”® Indirect inhibition of the
phagocytic free radical generating system by corticosteroids has been described for
inflammatory lung disease.>*”**® It might be speculated that this mechanism may also account
for chronic upper respiratory tract inflammation as steroid treatment is effective in chronic
sinusitis and nasal pacflyps.53 Other indirect inhibitory effects, i.e. 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 factor NF-xB 23537
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 upper respiratory tract hyperreactivity was decreased by treatment with deferoxamine
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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. L

Supplementation of endogenous antioxidant systems

Superoxide dysmutase and catalase are not suitable for oral administration as there 1s no
uptake from the gastrointestinal tract.2*” In contrast, acrosolisation of SOD in sheep has been
shown effective in increasing both the amount of SOD and anti-superoxide anion activity in
epithelial lining fluid.?*' This finding might be of importance as in upper respiratory tract
infections levels of mucosal SOD seems to 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 shown to prevent ROS
induced hyperreactivity in animal tracheal 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 providcd.I NAC
provides, after deacetylation, cysteine the precursor for glutathione. Except from contributing
to GSH synthesis, NAC has also direct antioxidant properties by scavenging hydroxyl radicals
and hypochlorous acid.**> Both species have been implicated in upper respiratory tract
inflammation.”®® Intramuscular NAC has been proven efficacious in the treatment of

2% Furthermore, GSH given by aerosol to healthy controls and

maxillary sinusitis in children.
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-acetylcysieine, 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

rhinitis.”*’ Although the opinions about the treatment with ascorbic acid of patients with nasal

allergy differs, clinical studies have shown beneficial effocts.>*®?* This latter is also true for
the treatment of patients with a common cold, 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 dictary. This makes vitamin E unsuitable for the treatment of
acute diseases.' The role of supplementary vitamin E in the treatment of upper respiratory
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 by the fact
that PAF induced hyperresposiveness in the human nasal airway can almost be completely
prevented by pretreatment 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 clamage.ﬁ2

Exogenous antioxidanis

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 vifro. A dose dependent inhibition of oxidative burst by leukocytes has
been reported by oxymetazoline and }zyltzzrmetazoline.QS‘i In addition, both compounds proved
to be potent scavengers of hydroxyl radicals, and oxymetazoline but not xylometazoline
showed dose dependent inhibition 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 iNOS.”'

Although the role of antioxidant pharmacotherapy in upper respiratory tract pathology is 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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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 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 (p < 0.05) of GSH levels
(0.3 +0.1 pmol/g wet weight) and uric acid levels (2.7 £ 0.4 pmol/ g wet weight) in mucosa
obtained from patients with chronic sinusitis compared to healthy controls ( 0.0 £ 0.2 and 3.4
+ 0.6 pmol/ g wet weight respectively). No difference was found in GSSG (24 £ 8 vs 25 £ 15
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 scems 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 (O,7) and the hydroxyl
radical (‘OH), which are produced by activated 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.3 # 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
asthma is 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 responsible for uric acid synthesis, was examined.

Materials and Methods

Colleciion of human 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 was collected. 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-prick test (a
panel of graspollen, treepollen, animal dander and house dust mite was tested), 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 patienis
underwent functional endoscopic sinus surgery, and mucosal specimens of the osteomeatal area, 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 hypertrophy of the 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, 1.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

Glurathione 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-nitrobenzeic acid)
(DTNB) to the thiolate anion (TNB). In short, 191.4 pl sample homogenate was mixed with 8.6 pl perchloric
acid (70 %; DBH Laboratories Supplies, Poole, UK). For the determination of GSSG the thioalkylating 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 pl 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 GSSG reductase (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 pwmol per gram wet weight and nmol per wet weight respectively. To determine the GSH
concentration the numerical difference between the total glutathione concentration and the GSSG concentration

was calculated.

Uric acid assay

This spectrophotometric method is based on the 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 pl 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 pl 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 ecnzyme and all values were corrected for non-uric acid absorption. The difference
in ahsorbance 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 on the extraction of vitamin E from the cell membrane into the apolar solvent heptane ',
and determined by means of 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 EDTA and
1 ml solubilization solvent containing 100 mM sodium dodecyl sulphate (USB, Cleveland, Ohio, USA), 5SmM
EDTA and SmM ascorbic 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 thorou ghly mixed for 20 mins (Griffin Flash Shaker,
London, UK). Centrifugation (5mins, 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 pl was injected onto a reversed phase C18 nucleosil column (Chrompac,
Middelbure, The Netherlands) and eluted with 98 % methanol at a flow rate 0f 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 anion radicals 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 cach measurement 2.5 ml substrate
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containing 60 pM xanthine (Sigma) and 11.8 uM Fe®" -cytochrome C (from horse heart, Sigma) was incubated

for 10 mins at 25° C. The reaction was started by adding either 500 ul sample supernatant or 500 pl xanthine
oxidase (stock solution: 0.02 14 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 ecriterion for statistical

significance was set at p <0.05.

Results

Determination of reduced and oxidized glutathione

The mean GSH value + S.D. in the patient group was 0.3 £+ 0.1 pmol/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 pmol/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.

Determination of uric 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
pmol/g wet weight. (Figure 2).

Determination of vitamin 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 of xanthine oxidase (XO)

None of the samples demonstrated any measurable xanthine oxidase activity (lower limit of
detection, 4.2 x 107 U XO/g wet weight).

For all determinations (GSH,GSSG, uric acid, vitamin E) no significant difference was found
between smokers and none-smokers in 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 discases. For example, n
atherosclerosis, carcinogenesis, theumatoid arthritis and several pulmonary disorders oxidants
have a significant contribution in the pathogenesis."” From asthmatic patients, for instance, it
was shown that alveolar macrophages and hypodense eosinophils produce increased amounts
of superoxide anion radicals.'™"® The role of oxidants in the pathogenesis of asthma 1s
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

5 1t is

airways and asthma is 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. 1719 Moreover, oxidant mediated ciliary dysfunction of
human nasal ciliated 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 pulmonary epithelial lining fluid have been shown to contain a broad spectrum of
antioxidant activity.”

In nasal secretions glutathione, ascorbic acid and uric acid are known to 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 *° , 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 GSH in nasal mucosa of healthy controls (n = 10) and patients
with chronic sinusitis (n = 9) expressed as umol/g wet weight. The individual data points
(smokers ([J), non-smokers (M) are shown. The mean GSH value (bar) in the patient
group is significantly lower (p < .05) as compared to the mean value (bar) found for the
control group.
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Figure 2. The levels of uric acid in nasal mucosa of healthy controls (n = 10) and
patients with chronic sinusitis (n = 9) expressed as umol/g wet weight. The
individual data points (smokers (LJ), non-smokers (HW)) are shown. In the patient
group the mean uric acid level (bar) is significantly lower (p < .05) as compared to
the mean value (bar) found for the control group.



Antioxidant levels in the nasal mucosa of patients with chronic sinusitis and healthy controls

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 mucosa of healthy controls. It was expected to find a reduced
antioxidative defense in the inflamed mucosa of patients with chronic sinusitis.

GSH was indeed 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 GSH through direct scavenging of
ROS. Moreover, conversion of GSH to GSSG in 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 due to the cellular efflux of GSSG to the circulation and the reduction
of GSSG by the enzyme GSSG reductase **

Uric acid was also found to be significantly lower (p < 0.05) in the patient group compared to
the control group. The mean uric acid concentration we found was 3.4 pmol/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 of this 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 by the 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 scem to be able to regenerate vitamin E from its radical.®® This may explain that our
results do ot show a relationship between nasal inflammation, and vitamin E tissue level.

In conclusion, the reduced levels of GSH and uric acid in the nasal mucosa of paticnts 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 plasma of patients with chronic sinusitis, patients
with nasal polyps and healthy controls. In addition in the same subject groups the blood levels

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/mmol triglyceride) when compared to healthy controls ( 24 + [4 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 (p< .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 pM). Total TEAC levels did not differ
between the blood samples of patients chronic sinusitis (411 £ 106 pM), 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 total TEAC,
showed a significant reduced (p< .05) level in patients with chronic sinusitis (128 + 87 uM)
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 upper respiratory tract infections has
not been elucidated.>

During mucosal inflammation, 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 microorganismsuS In contrast, ROS have been shown to
cause lissue 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 asthma or chronic obstructive pulmonary
disease, a rtole 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 asthma is 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 flud (NAL) compared
fo 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.'” Under these circumstances in
which ROS threat to overwhelm the antioxidant capacity of upper respiratory tract mucosa it

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 mucosa itself.'® In the present study it was hypothesized that 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 of total
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 Viije
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 by the
maxillofacial surgeons. Nonc of the 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 nonc 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 cthmoid. 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 a positive reaction was seen in one or more allergens from the radioallergosorbent test
(a panel of 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 showed positive reactions and 22 were negative. Ten of the patients with chronic sinusitis smoked znd
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 used for total 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-o-
tocopherol (vitamin E), (+)-c-tocopherol nicotinate (vitamin E nicotinate) and uric acid were obtained from
Sigma Chemical Co., St. Louis, USA. 5'S'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 pl of a lysed erythrocyte sample (stored in
presence of sulfosalicylic acid in a final concentration of 1.3 %) 100 ul 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 pul 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/min of the samples is compared to that of the

calibrators and the concentration of total glutathione is calculated.

Uric acid assay

Uric acid was determined in plasma ultra filtrates using a HPLC method described by Lux ef al."® with minor
modifications. Two hundred pl plasma was filtered 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 pl of 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 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 curve of uric acid.
Vitamin F assay

Vitamin E concentrations in plasma were determined using a HPLC method. Vitamin E was extracted from the

plasma by adding to 100 ul plasma, 20 pl internal standard (vitamin E nicotinate, 200 pg/ml), 1 ml water and 2

109



Chapter II-2

ml ethanol. After shaking for 5 minutes, 3 ml hexane was added and the mixture was shaken again (10 mmn.).
The hexane layer was evaporated and the residuc was dissolved in 100 pl isopropylaleohol. The analysis was
performed using a HPLC system equipped with 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 cluted with 99 %
methanol. Plasma concentrations were calculated using a calibration curve of vitamin E. Vitamin E levels were
expressed per mmol triglyceride. The triglyceride content was determined using a commercially available kit
(Sigma Diagnostics, Sigma Chemical Co., St Louis, USA). Triglycerides are first hydrolyzed by lipoprotem
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-ethyl-N-(3-sulfopropyl)-m-aniside, catalyzed by a peroxidasc. The increase in
absorbance at 540 nm due to the formation of the quinoneimine dye is directly propertional 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 by incubating a solution of 0.23 mM ABTS and 2.3 mM
ABAP in 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 ul plasma 100 pl of a solution of
10 % (w/v) trichloro acetic acid. After centrifugation (14.000 x g S minutes) the supernatant was used for the
analysis, 950 of the ABTS™ radical solution was preheated for 1 minute at 37°C. Then 50 p of the sample was
added and after incubating for § 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 valuc 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 Student ¢ test. The criterion for statistical significance was

set at p< .05.

110



Blood antioxidant levels in patients with chronic upper respiraiory tract inflammation and healthy controls

Results

Blood total glutathione levels.

The mean (+ SD) total glutathione value in the sinusitis group was 1977 + 480 uM. The mean
(+ SD) total glutathione value in the nasal polyps group was 2088 + 417 uM. 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 blood erythrocytes 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 <.05) 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 (p< .05) than the vitamin E level in the control group, 24 * 14 g/mmol
triglyceride. The vitamin E level in the nasal polyps group, 19 + 10 g/mmol triglyceride, was

not significantly different from that of the control group (Figure 2).

Blood plasma uric 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
nM (Figure 3).

Blood plasma TEAC levels
The mean (+ SD) TEAC levels in the sinusitis group, 411 = 106 uM, and in the nasal polyp
group, 384 + 80 uM were not significantly different from the TEAC levels in the control

group, 429 + 81 pM.
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Figure 2. The levels of vitamin E in blood plasma of healthy 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 (p<.05) in residual
plasma antioxidant capacity (mean %+ SD) in the sinusitis (128 = 87), and the nasal polyps

group (102 £ 74) compared to the control group (216 £ 56) (Figure 4).
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Figure 3. The levels of total TEAC and uric acid (UA) in blood plasma of healthy controls (n = 18),
patients with chronic sinusitis (n = 42) and patients with nasal polyps (n =46). The mean total
TEAC levels of the patient did not differ from the mean value found for the control group. However,
mean uric acid levels were significantly higher (p < .05) in the chronic sinusitis and nasal polyps
group compared to the control group.

The influence of smoking and atopic constiution on glutathione, uric acid, vitamin E and

TEAC levels 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 within the
sinusitis-, and nasal polyps groups. Therefore, ncither smoking nor atopic constitution did

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, rheumatoid arthritis and several pulmonary disorders,
oxidants significantly contribute to the pathogenesis.5 Especially in patients with chronic
inflammatory pulmonary discases, 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 oxidant siress.
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Figure 4. The levels of residual TEAC in blood plasma of healthy controls (n = 18), patients with
chronic sinusitis (n = 42) and patients with nasal polyps (n = 46). The residual TEAC value is the
TEAC of plasma that does not originate from uric acid. The mean residual TEAC values of both

patient groups were significantly lower (p < .05) than the mean value found for 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 occur in the mucosa and in epithelial
lining fluid.'**' Although the exact role of antioxidants in upper respiratory tract
inflammation is not clear, it has been shown that antioxidant concentrations in either epithelial
lining fluid and mucosa may change under inflammatory conditions indicating a
pathophysiological role.'#*?**%*

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. >?® 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 antioxidant status

by measuring both 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 M is present in plasma. The major pool of reduced glutathione (GSH) in
blood are the erythrocytes containing 240 pg GSH/ml blood. The reduced glutathione versus

1.’ We measured a

the 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 as is 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 blood into 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 does not increase total glutathione levels measured in lyzed
erythrocytes. 8 Although the contribution of a diminished blood glutathione level to the
disease pathology is uncertain, several other inflammatory diseases, such as AIDS, hepatitis,

and pulmonary fibrosis, have been associated with systemic glutathione reduction.”’

Vitamin E

Vitamin T 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, clevated 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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experimental otitis media.’'** Recently, high levels of MDA were found in tissue of human
nasal polyps compared to mucosal samples of controls.”® 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 however such a reduction in plasma vitamin E level could not been shown.
[t 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 compared to 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 which is 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 plasma levels of uric acid of healthy
controls found in our experiments equal those found in literature.>* The finding that controls
have lower plasma uric acid levels might be explained by the fact that during inflammation
increased xanthine oxidase activity 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 the sacrificial behavior of uric acid, meaning that uric acid
is irreversibly degraded at the site of inflammation by increased oxidant production. Xanthine

1437 This suggests that uric acid is not formed

oxidase cannot be measured in nasal mucosa.
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
lower in 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 normal subjects,
indicating an unsaturated state of the tissue.*® In addition, increased xanthine oxidase activity
does not only lead to increased levels 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 the total
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 lovels 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 done to establish the
exact role of oxidative stress in the multifactorial pathogenesis of upper respiratory tract

inflammation, these findings may render perspectives for pharmacotherapeutic intervention.
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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-
acetylcysteine (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 either chronic sinusitis or nasal
polyps who were additionally treated with 600 mg of oral NAC twicc 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
abjectively 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 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 on either subjective well-being or nasal endoscopy.

It was concluded that oral NAC improves the antioxidant defense mechanisms and by this
means contributes to the difficult therapeutic management of nasal polyposis and chronic

sinusitis.
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Introduction

Reactive oxygen species such as superoxide anions (O,"), hydroxyl radicals (OH), hydrogen
peroxide (H;Q;) and hypochlorous acid (HOCI), are produced by several types of
inflammatory cclls and arc 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 arc at least partially
mediated by oxidative stress. ™ Also the pathogenesis of chronic upper respiratory tract

34T 1t has been shown that mucosal and

inflammation has been related to oxidative stress.
blood antioxidant levels are diminished in chronic sinusitis and nasal polyposis.(”g For this
reason possible beneficial effects of antioxidant pharmacotherapy can be anticipated.
N-acetylcysteine (NAC) is a known antioxidant with specific direct and indirect antioxidant
properties. On one hand NAC is a powerful scavenger of "OH and HOCL.? On the other hand
NAC serves 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 freatment of chronic

14,15

sinusitis and serous otitis media. However, 1n 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 were either 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 474 years). All patients underwent functional endoscopic sinus
surgery at time of inclusion of the study and were treated with an effervescent tablet 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 approved by the institutional medical ethical committee of the Viije Universiteit medical center Amsterdam,
The Netherlands, and informed consent was obtained from all participating subjects.

Patients with chronic sinusitis and patients with nasal polyps 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, which showed either hyperplastic mucosa or evident polyposis in the middle meatus, and by a
computerized tomogram (CT) of the 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 allergics 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 a positive reaction was seen i one or morc allergens
from the radioallergosorbent test (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 showed positive reactions. None of the 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 of the subjects suffered from any other known discase.
At time of inclusion blood samples were drawn to obtain pretreatment levels of total glutathione, TEAC and uric
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 performed scoring the mucosal

picturc 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. Plasma for 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 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 [rom Sigma Chemical Co., St. Louis, USA. 5'5'dithiobis 2-nitrobenzoic acid (DTNB) and reduced
glutathione (GSIH) were obtained from ICN Biomedicals Inc. Costa Mesa, USA. 2,2'-azino-bis(2-
amudinopropane) 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 ! of a lyzed erythrocyte sample (stored in
presence of sulfosalicylic acid in a final concentration of 1.3 %) 100 ul 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 ul of a solution containing 4 U/ml glutathione reductase. The increase of the
absorption (4 A/min) is followed for 2 minutes at 405 nm. The 4 A/min of the samples is compared to that of the

calibrators and the concentration of total glutathionc 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 was filtered 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 of 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 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 202 nm. Plasma concentrations uric acid were calculated using a calibration curve of uric 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
ABAP in 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 pl plasma 100 pl of a solution of
10 % (wfv) trichloro acetic acid. After centrifugation (14.000 x g 5 munutes) the supernatant was used for the
analysis. 950 of the ABTS™ radical solution was preheated for 1 minute at 37°C. Then 50 pl 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 nceded to get a similar

decrease in absorption as found for the sample.
Statistics

For each determmunation 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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made using a two tailed Student 7 test. Comparison of the blood antioxidant levels of patients before and after 6
months of pharmacotherapy were made using paired ¢ tests. The criterion for statistical significance was set at p
< .05.

Results

Total blood glutathione levels and the effect of N-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)
increascd significantly. In the placebo treated groups no significant alteration in total

glutathione level was found (Figure 1.2).

Blood plasma uric 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 NAC versus placebo on blood total glutathione levels in patients with nasal
polyps.
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Figure 2. The effects of oral NAC versus placebo on blood total glutathione levels 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.

Blood plasma TEAC levels
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
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polyps groups (p =5.1x 10) and the chronic sinusitis group (p = .0019) increased
significantly. In the placebo treated groups no such significant effect was found (Figure 5,6).
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Figure 4. The effects of oral NAC versus placebo on blood uric 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 TEAC levels in patients with chronic sinusitis.

Contribution of other antioxidants to blood plasma 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 compared to 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)

[n the patient groups treated with NAC the separate contributions to the increase in total
TEAC by the increase in uric acid and the increase in residual antioxidant capacity levels are
shown in the figures 9 and 10. In the nasal polyps group 7 patients had a main increase in
residual antioxidant capacity and a minor increase or decrease in 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 shown that in 2 patients the increase mn 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)

Clinical effects of NAC 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 endoscopy in 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 mucosa at the middle mcatus and 1 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 1 swollen
mucosa at the middle meatus at nasal endoscopy. Three patients suffered from severe
complaints of those 1 had an open osteomeatal complex and 2 had recurrence of disease.

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 change in the levels of either GSH, UA, TEAC and residual 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 repm“ied.'rJ In the Netherlands, in 1998, 8.9 % of the
Dutch population, approximately 1.4 million patients, suffered from chronic upper respiratory
tract inflammation and the prevalence is rising.”® Although of lesser importance for chronic
sinusitis than for nasal polyposis, the recurrence rate 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 upper respiratory tract inflammation seems
to be influenced by oxidative stress. In previous research we have shown that 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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Figure 7. The effects of oral NAC versus placebo on blood residual (TEAC-UA) antioxidant levels in
patients with nasal polyps.

Placebo NAC
500 500
S 400 ——spl S 400 1 / —$—snl
= —l—p2 =1
= 300 | - = 300 —E—sn2
3 I3 E —d—sn3
2w ol | Smo| ||
E —f— sp5 =
=100 6 = 100 —l—snS
0 - = sp7 0
=0 =6 —=sp8 =0 =6

Time (months) Time (months)

Figure 8. The effects of oral NAC versus placebo on blood residual (TEAC-UA) antioxidant levels in patients
with chronic sinusitis.
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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 NAC is
known to supplement exhausted glutathione stores as in functions as a precursor molecule for
GSH. Glutathione may function as a direct scavenger of ROS or as 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 I-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 humans after 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

122435 Chronic inflammation of the upper respiratory tract does not only lead

clinical studies.
to diminished blood and mucosal levels 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 of NAC on total blood glutathione levels

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 known to function
as a precursor molecule of reduced glutathione (GSH). This is of importance as it is GSH
which has been shown to be deficient in the nasal mucosa of patients with chronic sinusitis.”
Mucosal supplementation of GSH from the bloodstream into the depleted mucosal tissues can
be anticipated. Furthermore, although NAC absorbed 1nto 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

mflammatory cell damage and improvement of the disease state.

TEAC and uric acid

TEAC represents the total antioxidant capacity of plasma. The most important contributor to
TEAC is 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 not find 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, was significantly 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 oxidasc, which is responsible for uric acid synthesis, is increased as
is also found in other chronic inflammatory disorders such as atherosclerosis and rheumatic
discases.”® 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 placebo treated groups. The reason for this
finding is 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-uric acid TEAC)
increased significantly in the patient groups treated with NAC. As uric acid was shown fo
increase significantly and uric acid is the main contributor to TEAC, the increase in TEAC
was expected to be mainly due to 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 capacity than in uric acid levels. In only 4 of these 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 treatment results 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
supplement in the antioxidant network, and the difference between subjects in this antioxidant

network.

Clinical effects of NAC 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 of NAC
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 shown to be effective in the

treatment of maxillary sinusitis in children.*’
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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 value in patients

with nasal polyps recieving NAC.
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Figure 10. Contributions of the 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 mucosa significantly but also improved symptoms dramatically for longer
periods of time.*® Despite these encouraging results no additional studies on the effects of oral
NAC in 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
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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 NAC as in 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 hlood levels of the antioxidant systems total 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. The results were compared to control groups who received in a double blind
randomized fashion a placebo. It was found that the blood levels of all antioxidant parameters
increased significantly after treatment an effect which could not be found in the conirol
oroups. Furthermore, the clinical features improved in all NAC treated 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 shown 1o be a potent inhibitor of lipid peroxidation (ICs¢ = 4.9 pM at t =
15 min, ICsp = 8.1 uM at t = 30 min), in contrast to xylometazoline. Both compounds were
excellent hydroxyl radical scavengers. Their rate constants (ks = 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 scavenger cimetidine (ks = 1.8 x 10" M's™). The difference in inhibiting
lipid peroxidation might be explained by the fact that only oxymetazolinc 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 10 have a different mode of 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 and to a lesser extent xylometazoline may have additional beneficial

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 damage is prevented by antioxidants in tissue.”
It is known that ROS contribute 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 most reactive 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

' This process occurs as a result of free radical attack on the cell membrane

hydroperoxides.
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 arc 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 of these compounds and were therefore 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 of microsomes

Male Wistar rats (Harlan QOlec, 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;
Rithrkopf 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 continuous stirring, the resuspended pellet was divided in 1 ml parts
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and directly frozen in liquid nitrogen and stored at —80°C until use.

Determination of inhibition of microsomal lipid peroxidation

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) and the pellet was heated for 90 s at 100°C. The microsomes were diluted
to 1 mg protein per ml, in iceOcold Tris-HCI buffer. Microsomes (1 ml) were incubated in the Tris-HCI 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 pl, 10 uM final concentration) were dissolved in N, 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 trichla‘roacetic acid (168 g/1, 0.125 M HCI)) and HCI butylated hydroxytoluene (1.5 mg HCI butylated
hydroxytoluene in 1 ml ethanol). The thiobarbituric acid-HCl butylated hydroxytoluene solution consisted of
1volume of HCI butylated hydroxytoluene solution per 10 volumes of thiobarbituric acid solution. After heating
(15 min at 80°C) and centrifugation (15 min, 3000 rpm) the absorbance at 535 nm vs 600 nm in the supernatant
was determined (LKB Novospec IT spectrophotometer). Corrections were made for the absorbance of the
thiobarbituric acid-HC! butylated hydroxytoluene solution, the microsomes and the Tris-HCI buffer using a
sample containing 2ml thiobarbituric acid-HCI butylated hydroxytoluene solution, 150 pl Tris-HCl and 150 ul

microsomes as a blank. Three independent experiments were carried out to obtain ICs, values.

Determination of hydroxyl 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 thiobatbituric acid. ' This is shown by the following equations:

Fe*_EDTA + ascorbic acid — Fe*"-EDTA +oxidized ascorbic acid

Fe?'-EDTA + H,0, — OH + ‘OH + Fe*-EDTA (Fenton reaction)

OH" + deoxyribose — fragments (heat with thiobarbituric acid/HC1 butylated hydroxytoluene) — malondialdehyde

A hydroxyl radical scavenger added to the reaction will compete with the deoxyribose molecule for the hydroxyl

radical. The rate constant for reaction of the scavenger with the hydroxyl radical can be calculated using the

following equation:
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/A = 1/A® {1 + k[S]/kpg[DR]

A is the absorbance in the presence of a scavenger S at concentration [S] and A" is the absorbance in the absence
of a scavenger. When a linear plot is made of 1/A against [S] under the condition that the rate constant (kpg) for
the reaction of deoxyribose with the hydroxyl 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 (= ks;’kDR[DR]AO] of the line."” The reaction mixtures contained, in a final volume of 1 ml, the following
reagents at these final concentrations: KH,PO,-KOH buffer (20 mM, pH 7.4), FeCl; (100 uM), ascorbic acid
(100 uM), EDTA (100 uM), 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 at different concentrations. The incubations were carried out for 1 h at 37°C and
stopped by adding 2 ml of a thiobarbituric acid-HCI 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-HCI butylated
hydroxytoluene solution was made the same way as described in the section: ”Determination of inhibition of
lipid peroxidation”. EDTA was present in the incubations as iron chelator since it is known that iron easily 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 uM and 1 mM gave no inhibition of lipid
peroxidation in a time dependent manner (Figure 1). In contrast oxymetazoline showed clear
inhibition of lipid peroxidation at a concentration of 5 pM and higher (Figure 2). This was
shown by the occurrence of a lag-time which lasted until 10 min of incubation for a 5 pM
concentration of oxymetazoline and until 30 min of incubation for 10 pM of oxymetazoline.
Higher concentrations completely inhibited lipid peroxidation during an incubation period of
60 min. Concentrations lower than 5 pM of oxymetazoline gave no significant inhibition of
lipid peroxidation (data not shown). The ICsy = SD value, a relative measure of the capacity to
inhibit lipid peroxidation, of oxymetazoline was 4.9+ 1.2 uM at t = [5 min and 8.1 + 4.1 pM
at t = 30 min. Both oxymetazoline and xylometazoline are powerful hydroxyl radical
scavengers as shown by their rate constants (k, + SD) 1.1 x 107 +50x 10" M's' (n=9) and
4.7x 10" + 1.3 x 10" M's™ (n = 11) respectively. As reference compound the 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 pM to 100 uM. The concentration range used for
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cimetidine was 10 pM to 1 mM, although figure 3 only shows 10 pM 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 pM, 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 scavenging activity
of oxymetazoline was biphasic. The ks 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 formed in the direct environment of the compound and site-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 pM; (O) 250 uM; (O) 500 uM; (¢) 1 mM) ona
time dependent F e*/ascorbic acid induced liver microsomal lipid 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; (O) 10 uM; (Q) 15 uM; (@) 20 pM) on a time
dependent Fe*'/ascorbic acid induced liver microsomal lipid peroxidation (( ~ ) control). The different
lag-times are evident. A typical example out of three independent experiments is shown.
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Figure 3. A typical example of the determination of the rate constant (k) for oxymetazoline (),
xylometazoline (O) and cimetidine (4 ). Various concentrations of the compounds are plotted against the
reciprocal value of absorption of thiobarbituric acid reactive fragments of deoxyribose after degradation. The
k, of xylometazoline and cimetidine were calculated using the slope of the linear curve fit according to the
equation: k, = slope x kpr X[DR] x A° The k, of oxymetazoline was calculated 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-oxidase is activated
leading to an increased production of ROS such as superoxide anion radicals (O;) and
hydrogen peroxide (H,0,) 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 of the upper airways. Through a-adrenoceptor stimulation
and subscqﬁcnt vasoconstrictive action both drugs lead to decreased nasal congestion
followed by diminished nasal discharge and better 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 o-tocopherol radical.”’
Xylometazoline does not have such a hydroxy group on the phenyl ring (Figure 4) which
explains the lack of antioxidant activity in lipid peroxidation compared to oxymetazoline. The
ICsy value of a-tocopherol is approximately 2 uM for an incubation time of 20 min."® We
found a ICso value for oxymetazoline of approximately 5 pM (incubation time 15 min)
indicating that this compound inhibits microsomal lipid peroxidation to a similar extent as o-
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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N
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Figure 4. The chemical structures of oxymetazoline and xylometazoline are shown.
Note the hydroxy group on the phenyl ring of oxymetazoline, which is absent in
xvlomethazoline.

Hydroxyl radicals are very reactive and ofien related to biological damage in 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 hydroxyl 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 of action 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 microsomal lipid peroxidation is not clear. It is thought that the pro-
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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 rolc in
iron-induced microsomal lipid peroxidation.”” We therefore established the antioxidative
properties of both compounds by either inhibition of lipid peroxidation and hydroxyl 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
clearance.”** This effect, however, seems to be mainly caused by the added preservatives.
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 1n
the treatment of upper airway inflammation based only on their decongestive effect on the
mucosa. Presuming that oxidants play a role in upper airway inflammation, these drugs may
also act as anti-inflammatory compounds by their antioxidant properties in hydroxyl radical
scavenging and lipid peroxidation (only oxymetazoline). It should be noted, however, that
these compounds, at least 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 i1s 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
compounds on the activity and the expression of NO producing enzymes, iNOS and ¢<NOS.
Experiments concerning the effects on enzymatic activity and enzyme induction 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 dependent inhibitory effect on
total iINOS activity 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 ¢ctNOS 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 ¢cINOS
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®"Jcalmodulin dependent, are typically found in neural and vascular endothelial cells.
Endothelial NOS is located on the cell membrane and releases NO for short periods of time in
response to receptor or physical stimulation. Neuronal NOS has been identified in the cytosol
of central and peripheral neurons.’ The inducible form of NOS (iNOS), which is Ll
independent, can be found in inflammatory cclls, such as macrophages, after they are
activated by proinflammatory mediators like oxidants, cytokines and endotoxins. Once this
enzyme is expressed it produces significantly larger amounts of NO for longer periods than
the constitutive isoform does.*?

Nitric oxide is known to play an important role in airway function and seems to be implicated
in the pathophysiology of 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 can be anticipated.

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 normal nasal mucosa.'>"” In addition, the
exact localization of NOS in nasal mucosa has been identified.'*"” Furthermore, NOS activity
seems to he involved in nasal vascular conductance and in nasal cavity volume.'®!” Also NO,
upon reaction with the superoxide anion radical and forming peroxynitrite, has been shown to
act as potent cytotoxic effector molecule.'® 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 o-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 mechanisms play a
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role in the therapeutic effect. Recently we have reported on the distinct anti-oxidant properties
of oxymetazoline and xylometazoline i.¢., hydroxyl 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, glutaminc 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 (-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]-
.1- 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. R.J. Helmke, Department of Pediatrics,
University of Texas Health Science Center, San Antonio, Texas, USA.

Klebsiclla Pneumoniae were a kind gift from Dr. J. van Amsterdam, RIVM, Bilthoven, The Netherlands.

Study design

To determine the effects of oxymetazoline and xylometazoline on iINOS and ¢NOS experiments 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 of nitrate 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
of tritiated 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 ¢NOS activity were examined, using the same ? H-citrulline assay.
NO scavenging was investigated using a amperometric NO sensor.

All experiments were carried out in 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 order to establish the overall effect of oxymetazoline and xylometazoline and
reference compound L-nitroarginine methyl ester (L-NAME) on the activity of lipopolysaccharide (LPS)
induced nitric oxide synthase (iNOS), total nitrite production was measured first (Griess-assay). To separate the
effects of the test compounds on induction inhibition and cn7ymat1c 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 conversion of L- argmlnc to L-citrulline. In addition,
the effects of test compounds on constitutive nitric oxide synthase (cNOS) activity (° *H-citrulline assay) and
nitric oxide scavenging (amperometric NO sensor method) were investigated.

Cell culture and induction of NO-synthase

A rat pulmonary alveolar macrophage cell 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, 50pg/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, 50pug/ml streptomycin). NO-synthase was induced by addition of 10 pg bacterial LPS /106 cells
with or without the test compounds oxymetazoline and xylometazoline in different concentrations. The samples
were incubated during 24 h

(37 °C. 5% CO,). As reference compound the known NOS inhibitor L-NAME was used.
Reduction of nitrate to nitrite and determination of nifrite: the Griess-assay

In order to measure the effect of LPS on total nitrite/nitrate formation as well as the inhibition by L-NAME,

oxymetazoline and xylometazoline on the LPS effect, cells were incubated for 24 h with LPS and in the absence
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and presence of the test compounds in final concentrations varying between 10° M and 107 M. An aliquot of
150 pl of the cell suspension was deproteinated by adding 20 pul NaOH (1 M) and 20 pl ZnSQ4 (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 of nitrate to nitrite Klebsiella Pneumoniae (1.4 mg/ml in 50mM PBS, pH
=7.4) was mixed with 2 vol. 0of 0.2 M TES (pH = 7.0) and 2 vol. of 0.5 M sodium formate. Of this mixture 50 pl
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 of the reaction mixtures. After 30 minutes the tubes
were removed and 0.5 ml of nitrogen flushed water was added. After centrifugation (5 min, 15.000 x g at 4°0)
0.5 ml of the incubate mixture was added to 50 pl of sulfanyl amide (1% in 5% HsPO,) 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 pM NaNO, and NaNO; were used for quantification.

Determination inhibition of NO-synthase activity: *H-citrulline assay

In order to séparate the effects of the test compounds on induction of INOS and on the enzymatic iINOS activity
per se, two different sets of experiments were performed.

To establish the effect of the test compounds on iNOS induction, 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 (_10'4 to 10° M), N8383 cells were collected and
resuspended at a cell concentration of 107 celV/ml in Tris/HCl-buffer (50 mM, pH = 7.4 at 4 °C) containing 2uM
leupeptin, 1 mM PMSF, 1 mM dithiothreitol, 10 pg/ml trypsin inhibitor from soybean, 2 pg/ml aprotinin, 0.1
mM EDTA and 230 mM sucrose. The cell suspension was subsequently sonificated for 5 minutes at 4° C. Of the
obtained cell suspension 40 pl was added to 60 pl of a Tris/HCl-buffer (50 mM, pH = 7.4 at 37 °C) containing 1
mM NADPH, 10 M 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 107 M. Activity of iNOS was
measured in the presence of 1mM EGTA whereas ¢cNOS activity was determined using 2 mM CaCl,. Non-
enzymatic conversion was determined by heating the cell suspension (100 °C for 2 min). Both ¢NOS activity 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 ml of the ion-exchanger Dowex (H,O/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 by transferring 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 background radioactivity.
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The same * H-citrulline assay was used to determine the possible inhibitory effects of oxymetazoline and
xylometazoline (concentrations between 10 M and 3x107 M) on cNOS activity. In these experiments enzymatic
activity was measured in the presence of

2mM CaCl, . L-NAME was used as reference compound. However these measurements were performed in
synaptosores obtained from the cerebella of male Wistar rats as these cells are known to contain high levels of

cNOS. Activity of iNOS could not be detected in this tissue as was shown by using a calcium free buffer.

Determination of cell viability
In the experiments in which the alveolar cell line, NR 8383, was used, the viabilty of the cells was tested at
different stages of the experiments using thrypan blue. When in a sample more than 5 % of the cells were stained

with thrypan blue and therefore not viable the sample was not further used.

Determination of NO-scavenging

Possible NO-geavenging properties of both compounds were investigated by using a amperometric NO-sensor.™
As reference compound the well known NO scavenger hemoglobin was used. Two ul of NO-spiked
deoxygenated water was added ta 20 ml 50 mM phosphate buffer (pH = 7.4) in a thermostated vessel (37" C).
The vessel was kept under a N, atmosphere. The decrease in NO concentration, which was measured with an
Is0-NQ 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, Dclft, The Netherlands), was followed in time in the presence and absence of the test compounds
oxymetazoline and xylometazoline (final concentrations up to 107 M) and reference compound (final
concentrations used were

3.9 x 107 and 7.8 x 107 ) in solution. During this procedure the rcaction mixture was mixed using a magnetic

stirrer.

Results

Determination of inhibition of INOS activity

1. Nitrite formation after LPS stimulation.

The effects of L-NAME, oxymetazoline and xylometazoline on the production of nitrite
(NO;" ) and nitrate (NO3™ ), which are formed after oxidation of the unstable NO, were
determined in the Gricss-assay. The amount of nitrite measured after nitrate reduction, reflects
the iINOS activity. Nitrite formation could only be measured in LPS induced cells, When no
test compound was added the LPS induced cells gave a mean total Nitto concentration of 117
+ 12 pM. All data concerning iNOS are 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 107 M whereas at this concentration L-NAME already gave 25 % inhibition.
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However, oxymetazoline and xylometazoline inhibited the nitrite formation completely at a
concentration of 1 mM whereas L-NAME only 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. Citrulline formation after LPS stimulation in the presence of test compounds.

To elucidate the mode of action 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 iNOS activity 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 3 H-citrulline was determined in LPS induced
cells to which no test compound was added. The inhibition by the test compounds is 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 compounds at a concentration of 0.3 mM, whereas
complete inhibition for both compounds was obtained at 1 mM. L-NAME also 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 iNOS activity

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 was added. The inhibition by the test compounds is 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 compounds inhibited iNOS activity for approximately

50 %, whereas L-NAME inhibited almost completely (85 %) even at a 10 times lower
concentration. The test compounds did not influence the separation of 3 H-citrulline and * H-

arginine.

158



Inhibition of nitric oxide synthase by nasal decongestants

100
80—
60

40

formed nitrite (%)

concentration (mM)

Figure 2. The overall inhibitory effect of oxymetazoline (M) and xylometazoline (CJ) on inducible
nitric oxide synthase (iNOS) was investigated by measuring nitrite production in the Griess-assay.
[ -nitroarginine methyl ester (L-NAME) (#!) was used as a reference compound. The inhibition of
nitrite formation was concentration dependent for all compounds. At a concentration of 1 mM total
inhibition of NO production was shown for oxymetazoline and xylometazoline. L-NAME, on the
other hand, only mhibited nitrite production for approximately 60 %.
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Figure 3. The inhibitory effect of oxymetazoline (M) and xylometazoline (CJ) 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)
(Z)was used as a reference compound. In contrast to L-NAME a strong concentration dependent
reduction of L-citrulline formation was seen for oxymetazoline and xylometazoline, which
completely inhibited iNOS induction at a concentration of 1 mM. At this concentration L-NAME
only gave 50 % inhibition,
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Figure 4. The inhibitory effect of oxymetazoline (M) and xylometazoline (L1) 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) () was used as reference compound. Compounds
were only added to the reaction mixture during incubation with L-arginine. A moderate
concentration dependent reduction in L-citrulline formation was scon for oxymetazoline and
xylometazoline. In contrast to .-NAME, which gave prominent inhibition 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 M.
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Figure 5. The inhibitory effect of oxymetazoline (M) and xylometazoline (LJ) on the enzymatic
acivity of constitutive nitric oxide synthase (¢NOS) measuring L-citrulline formation using the 4
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 ¢cNOS are
comparable to their effects on the enzymatic activity of inducible nitric oxide synthase (iNO S).
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Determination of the inhibition of eNOS

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 ¢cNOS activity 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% of ¢cNOS activity 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 cither oxymetazoline or xylometazoline added to the reaction

mixture at final concentrations up to 10 > M (Figure 6).

oxymetazoline/xylometazoline

hemoglobin

NO concentration (arbitrary units)

time (min)

Figure 6. Characteristic example of scavenging experiment. Time dependent degradation of nitric
oxide (NO) in buffer in the presence of a possible scavenger (arrow). A concentration of 1mM of both
test compounds did not enhance the degradation of measured NO in time, indicating that no scavenging
of NO occured. In contrast to the decongestive compounds (oxymetazoline and xylometazoline), the
reference compound hemoglobin (7.8 x 10"") showed potent time dependent NO degradation.
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Discussion

We investigated the effects of the nasal decongestants oxymetazoline and xylometazoline on
the induction and activity of iNOS and the activity of ctNOS. NOS activity 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 1is
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 ¢ffect of these compounds on NO regulation 1s 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 falsc 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 and that the inhibitory effects on NOS could be due to scavenging
of NO by the used test compounds. To exclude this, the test compounds were investigated for
possible NO scavenging properties. No nitric 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 iINOS and ¢cNOS activity, 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 cNOS by oxymetazoline and xvlometazoline may be
due to binding of the imidazoline part of these compounds to the heme domain of NOS. This
mode of action is comparable but less 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 enzyme inhibition. Inhibition of induction of the iNOS
enzyme might therefore be involved as well. This was investigated in an experiment in which
iNOS enzyme activity was measured after washing away the test compounds. Le. the test
compounds were present during LPS induction of iNOS. Both compounds, in contrast to L-

NAME, completely inhibited spontaneous iNOS activity and thus expression of INOS.
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It is known that the induction of iINOS 1s regulated by transcription factors, of which the most
important is nuclear factor-xB (NF-kB).”® As NF-kB in cells is activated by many factors
such as microorganisms, oxidants, antigens and LPS a possible site of action of
oxymetazoline and xylometazoline may be the inhibition of the activation of NF-xB.*

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 seems to play a
pivotal role in these physiological functions as amongst others it has been shown that NO is
involved in the regulation of the vascular tone in the nasal mucosa.”>> By this means NO 1is
thought to modulate nasal vascular conductance and nasal cavity volume, which are correlated
to the nasal airway resistance.'®!7 Tt should be noted however, that recent investigations, using
high flow rate 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 NOS in epithelial
cells in the paranasal sinuses are not responsible for vascular tone regulation which may be
predominantly under control of nasal vascular epithelal ¢NOS.**** This speculation might be
supported by the finding that lidocain showed strong inhibition of sinus NO production in
contrast to nasal NO production.30

Furthermore, it has been shown that human nasal mast cells, play, next to alpha adrenoceptor
effects, a major role in the regulation of the 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 shown for rhinitis based on house dust mite allergy,

L3415 NO levels 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 shown after e.g. viral airway infection.”” The involvement of
iNOS may be supported by the finding that glucocorticoids, which amongst others inhibit the
induction of iNOS and have beneficial effects in treating airway inflammation, inhibit the

i - : : " 4
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 may lead 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 a toxic effect of the
decongestant in the chain of reactions that produces NO.*! Until now a specific site of action
could not be ascertained.

In our study we tried to elucidate this mode of action as a direct inhibitory effect on
enzymatic activity of ¢ctNOS and iNOS, but especially induction of iNOS was shown. In
addition, no direct scavenging effect of both compounds could be found.

The results were obtained in rat alveolar macrophages as these cell lines are a reliable source
of iNOS.2%%* As it is known that 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.9 However, although this is an in vitro model the results
may contribute to the understanding of NO in upper respiratory 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 inducing rhinitis medicamentosa. *®*7*

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 iNOS alone, leaving the
necessary physiological control via ¢NOS intact. In an in vitro model oxymetazoline and
xylometazoline showed only moderate effects as direct inhibitors of the NO-producing
enzymes. However, these compounds, used in their clinically applied concentration, are able
to inhibit the induction of iNOS completely, which renders them sclective tools for

attenuation of iNOS activity, a mode of action which has not been described before.
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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 of both, is characterized by a generally moderate
outcome with a relatively high number of recurrences.”” It has become clear 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 upper respiratory tract, a role of oxidative stress in the
pathogenesis of chronic upper airway inflammation can be anticipated. In fact, recently the
involvement of oxidative stress has been reported.”® To elucidate this subject further we have
claborated on the possible role of oxidative stress in the pathogenesis of chronic upper

respiratory tract inflammation focussing on antioxidant mechanisms.

Ocxidative stress and disease

Oxidants such as, reactive oxygen species (ROS) and reactive 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 (O;7), and the nitric oxide radical (NO’). From these oxidants other
reactive products i.e., the hydroxyl radical (OH), hydrogen peroxide (H;0), hypochlorous
(HOCI), and peroxynitrite (ONOQ") 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 cause of the 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 shown for chronic
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middle ear inflaimmation, in which ongoing oxidative mucosal damage was shown in absence
of microorganisms.'® Direct measurements on ROS and RNS production 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 common to
measure more stable products, so-called biomarkers, that reflect ROS induced tissue
6,10,11

Injury. 12 Another reliable method to get more insight in oxidative stress related diseases

is to measure the antioxidant status. In fact, measurements have been done on antioxidant

mechanisms in the upper respiratory tract.'

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 may not directly 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 1I-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 I1-2). It was found that the total glutathione levels and
vitamin E levels were significantly lower in 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
NAC has been proven to be beneficial in the treatment of chronic sinusitis and serous otitis
media.'®7 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 1I-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 of all 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.15 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 acid is locally
consumed through its sacrificial behavior it 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 blood levels
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 of blood 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
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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 of this feature has to be elucidated, the components contributing to TEAC
might play a role in this phenomenon as the residual antioxidant capacity (TEAC — uric acid)
is indeed lowered in patients with chronic respiratory tract inflammation. The increase of
TEAC and residual antioxidant capacity in chronic upper respiratory tract infection after NAC
supplementation can not be explained from the experiments we performed in 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 of particular 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, may also
play a role. Furthermore, a follow-up of 6 months in these typc of disorders may be rather

short. Therefore, longer trials with possibly larger patient groups have to be performed.

Antioxidant effects of local pharmacotherapy

Beside the investigations made on biologic material of patients with chronic upper respiratory
tract inflaimmations and healthy controls we performed measurements on the possible
antioxidant properties of the decongestive compounds, oxymetazoline and Xylometazoline
(chapter ITI-1 and chapter I1I-2). These compounds are frequently used as topical medication
in these disorders based on their «-adrenergic receptor stimulating, decongestive effects.
However, as oxidative stress may play a role in the pathogenesis of chronic upper respiratory
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 by its
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
6,10,11,12

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 were not able 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 hydyroxyl radical production in the inflamed upper respiratory tract mucosa
and the effects hoth compounds on this hydroxyl radical formation.

Although the investigations were in virro 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, scem to play a role

2021.22.23.24 e therefore investigated the in vitro effects

in chronic upper airway inflammation.
of oxymetazoline and xylometazoline on the NO' producing system NOS. NOS consists of
several isoforms of which iNOS is thought to be related to inflammation. cNOS plays 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
dependent inhibitory effect of oxymetazoline and xylometazoline on iNOS activity based on
inhibition of induction of the enzyme rather than on inhibition of the enzyme activity.
Furthermore, a moderate inhibition of ¢NOS activity for both compounds was found. Direct
scavenging of NO' could not be found. Presuming that cNOS serves beneficial physiological
functions and exaggerated iNOS activity causes exacerbation of the inflammation the specific
inhibitory effects of oxymetazoline and xylometazoline may contribute to an inhibitory cffect
in inflammation. This speculation might be strengthened by the fact that the iNOS inhibitors
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 of rat cells. 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 unknown features of these “old™ compounds.
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Conclusions

Based on the research described in 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 fract inflammation, it suggests a role for oxidative stress.

Furthermore, it offers perspectives for further elucidation of this interesting field.
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Chapter 1V

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 remains difficult. Accumulating scientific data suggest a role for oxidative stress in
chronic airway pathology. This thesis desctribes 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, gencral aspects of chronic inflammatory disorders of the upper respiratory tract

arc 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 of literature 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 and strategies are elaborated.

In chapter II-1 antioxidant levels in the nasal mucosa of patients with chronic sinusitis and of
healthy controls are described. Beforehand it was hypothesized that in chronic sinusitis a
reduced antioxidant tissue status may be present. The levels of three biologically important
antioxidants, i.¢., 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
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 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 conitrols are described. Alterations in the
blood concentrations of the biologically important antioxidants, glutathione, vitamin E and
uric acid, were determined in erythrocytes and blood plasma of patients with chronic sinusitis,
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) and patients with nasal polyps (2088 + 417 uM) 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/mmol triglyceride). This reduction could not been shown for
patients with nasal polyps (19 = 10 g/mmol triglyceride). Uric acid levels were found to be
significantly higher 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). In
addition, in the same subject groups the blood levels of the total antioxidant capacity were
investigated and expressed as TEAC. TEAC levels did not differ between the blood samples
of patients chronic sinusitis (411 + 106 uM), patients with nasal polyps (384 + 80 uM) and
healthy controls (429 + 81 pM). 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 pM) 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, 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-acetyleysteine (NAC) on blood

antioxidant levels of patients with chronic sinusitis and nasal polyps are reported.

179



Chapter IV

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 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 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 improves the antioxidant defense mechanisms and in 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 shown to be a potent inhibitor
of lipid peroxidation (ICso = 4.9 uM at t = 15 min, ICso = 8.1 pM 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 (ks = 1.8 x 10'° M's™). The difference in inhibiting lipid peroxidation might be
explained by the fact that only oxymetazoline contains a hydroxyl moiety 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
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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
damage in 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 action of nitric oxide synthase are described. 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 compounds on 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 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 dependent inhibitory cffect on total iINOS activity 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 iINOS 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

cffect in the treatment of upper respiratory 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 onbekend is, 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

hovenste luchtweg infecties, met name gericht of anti-oxidatieve verdedigingsmechanismen.

In hoofdstuk I-1 wordt de anatomic en fysiologie van de neus en de neusbijholten
beschreven. Daarnaast worden algemene aspecten van chronische ontstekingsprocessen in 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 over de 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 cndogene en farmacotherapeutische —antioxidantmechanismen

bediscussieerd.

In hoofdstuk TI-1 worden de antioxidant niveaus in neusslijmvlics van patiénten met
chronische sinusitis 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 controles die
een operatic ondergingen in verband met neusobstructie. De resultaten lieten een significante
verlaging zien (p < .05) van GSH (0.3 + 0.1 pumol/g nat gewicht) en urinezuur niveaus (2.7 +

0.4 umol/g nat gewicht) in de mucosa verkregen 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 urinezuur bij
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 een significante verlaging (p < .05) in totale
glutathion concentratic in bloedmonsters van patiénten met chronische sinusitis (1977 + 480
uM) en patiénten met neuspoliepen (2088 £ 417 uM) ten opzichte van de controles (2335 £
343 puM). Ook werd er een significante verlaging (p < .05) in vitamine E concentratie
gevonden bij patiénten met chronische sinusitis (16 + 12 g/mmol triglyceride) ten opzichte
van gezonde controles (24 £ 14 g/mmol triglyceride). Dit kon niet worden aangetoond voor
patiénten met neuspoliepen (19 £ 10 g/mmol triglyceride). De urinezuur concentraties in de
plasmamonsters bleken significant hoger (p < .05) bij zowel de patiénten met chronische
sinusitis (291 + 71 M) als de patiénten met neuspoliepen (282 = 72 puM) 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 door aftrek van de bijdrage van urinezuur van de
TEAC waarde, was significant 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 farmacotherapeutische interventie met antioxidanten.

In hoofdstuk II-3 worden de effecten van orale farmacotherapie met N-acetylcysteine (NAC)
op de bloed antioxidantconcentraties van patiénten met chronische sinusitis en neuspoliepen
beschreven. Tevens werd gekeken naar de Kklinische effecten van deze behandeling.
Antioxidant farmacotherapie is succesvol gebleken in diverse oxidant gemedieerde ziekten.
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 mucosa en het perifere bloed van patiénten met
chronische sinusitis en patiénten met neuspoliepen verlaagd zijn, kunnen positieve effecten
van NAC in de, overigens moeilijke, behandeling van deze aandoeningen worden verwacht.
De concentraties in perifeer bloed van totaal glutathione, urinezuur, TEAC en rest 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. ITevens 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 de antioxidant verdedigingsmechanismen verbetert

en hierdoor bijdraagt aan de moeilijke behandeling van neuspoliepen en chronische sinusitis.

In hoofdstuk III-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 (ICsp = 4.9 pM op t = 15 min, IC5o = 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's™ voor oxymetazoline en k, = 4.7 x 10"
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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 heefi die en
waterstof atoom kan doneren waardoor de kettingreactic van lipide peroxidatic kan
beéindigen. Het mechanisme van hydroxyl radicaal scavenging blijft onduidelijk. Omdat
oxidanten een rol spelen in weefselschade tijdens onsteking kan er worden gespeculeerd dat
met name oxymetazoline en in mindere mate xylometazoline een additioneel gunstig effect

hebben bij de topische behandeling van onstekingsprocessen in 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' een rol wordt toegeschreven in ontstekingsprocessen van de bovenste luchtwegen
werden de in vitro effecten van deze stoffen op de activiteit en expressie van NO'
producerendé enzymen, iNOS en cNOS onderzocht. 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 Iyn (NR8383). Hierbij werd
respectievelijk gebruik gemakt van het Griess assay en het *H-citrulline assay. De effecten 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 een dosis afhankelijk
remmend effect op de totale iINOS 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 waarbi] 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 iNOS activiteit. Directe scavenging van
NO kon niet worden aangetoond. Omdat ¢cNOS activiteit wordt gerelateerd aan gunstige
fysiologische effecten en omdat verhoogde iNOS activiteit een inflammatoire exacerbatic 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.
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Abbreviations

A absorbance RNS  reactive nitrogen species
ADP adenosine diphosphate ROS  reactive oxygen species
AHR airway hyperresponsiveness ) scavenger

ATP adenosine triphosphate SNP  sodium nitroprusside
c-GMP cyclic guanosine monophosphate SOD  superoxide dysmutase
CT computerized tomogram TEAC trolox equivalent antioxidant capacity
DNA deoxyribonucleic acid TNB  thiolate anion

DR deoxyribose TNF  tumor necrosis factor
ECP eosinphil cationic protein UA uric acid

EDRF endothelium derived relaxing factor URTI upper respiratory tract infection
EPO eosinophil peroxidase XDH xanthine dehydrogenase
G-6-PD glucose 6 phosphate dehydrogenase X0 xanthine oxidase

GSH glutathione reduced

GSH-px glutathione peroxidase

GSSG glutathione oxidized

GS thiyl radical

GTP guanosine triphosphate

HNECs human nasal epithelial cells

HOCI hypochlorous acid

H,0, hydrogen peroxide

H,O water

HPLC high performance liquid chromatograph

Ig immunoglobulin

IL interleukin

INF interferon

k rate constant

LH poly unsaturated fatty acid

L-NAME  N-mitro-L-arginine methylester
L-NMMA  N-monomethyl-L-arginine
L-NNA N-nitro-L-arginine

LOO lipid peroxyl radical

LOOH lipidhydroperoxide

LPS lipopolysaccharide

LT leukotricne

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-xB nuclear transcription factor kappa B
NO nitric oxide

NOS nitric oxide synthase

NO, nitrogen dioxide

OH hydroxyl radical

ONOO" peroxynitrite

'0, singlet oxygen

0, oxygen

0, superoxide anion radical

0, 0zone

PAF platelet activating factor

PLC phospholipase C

PKC protein kinase C

6-PGD 6 phosphogluconate dehydrogenase
pX peroxidase

RAST radio-allergosorbent test
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