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Chapter 1
Introduction

The association of chronic inflammation with the development of cancer has been recognised
for a long time. In fact, as early as the late 1800s, Virchow described the appearance of
tumours developed at sites of chronic irritation (Virchow, 1860). Currently, there is a large
number of clinical data confirming these early observations on inflammation-related
carcinogenesis. For example, in humans a high rate of colon carcinomas is closely associated
with chronic inflammatory bowel diseases, including colitis ulcerosis (Collins et al., 1987).
Similarly, patients with chronic infections such as osteomylitis or decubitus ulcers can
develop very aggressive carcinomas (Cruickshank.1963), and urinary bladder cancer is
frequently found in patients suffering from urinary tract infection (Kantor et al., 1984). Also
in the lung the presence of inflammatory diseases, such as sarcoidosis, fibrosis and COPD,
has been associated with a higher risk of cancer development (Skillnid et al., 198ft; Alavanja
etal. 1992; I ARC 1997; Askling et al., 1999).
In general, many sources of inflammation are effective in accelerating cancer
development, including inflammatory reactions caused by viruses, bacteria, parasites or
particles (Weitzman and Gordon, 1990; Wiseman and Halliwell, 1996). In the mammalian
lung, a relation between particle exposure and the induction of inflammation has been clearly
established (Greim et al., 2001; Donaldson and Tran, 2002). At the same time, in the rat
chronic inhalation of poorly soluble (non-toxic) particles (PSP) has been associated with lung
tumour formation, a process in which the particle-induced inflammatory response is
recognised as a significant contributing factor (Driscoll, 1996b; IARC 1997; Greim et al.,
2001). As for the relation between inflammation and cancer in general, also in particleinduced tumour formation the constant release of reactive oxygen species (ROS) by
inflammatory phagocytes provides a possible mechanism by which inflammatory processes
and carcinogenesis might be related: ROS may cause genetic alterations in the lung
epithelium, which contributes to cancer development (Weitzman and Gordon, 1990). In the
following chapter the general mechanisms of particle-induced inflammation, ROS generation
and associated genotoxicity will be described, as to provide a useful basis for further reading
of this thesis.

1.1 Particles and inflammation

During an average human life span, approximately 3x10* L of air are inhaled. Unfortunately,
it is not only clean, fresh air that we breathe and during life we expose ourselves to all kinds
of paniculate air pollutants. For instance, on days of heavy air pollution each m' of 'fresh' air
may contain particles up to levels of about 100 ug, whereas inhaled air in occupational
settings may contain respirable particles up to some mg/m'. In general, environmental
particles can be defined as any system of solid or liquid particles of sufficiently small
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indicate that the slowed clearance of particles and fibres may also be explained by an
impairment of macrophage phagocytosis, especially after exposure to ultra fine particles (< 100
nm) (Rcnwick et al., 2001). Originally, overload was suggested to be correlated with the total
phagocytiscd particle volume within the macrophage (Morrow et al.. 1988). However,
currently it is suggested that the total particle surface area is better correlated with an overload
situation in the rat and lung tumour formation, than total particle mass or volume (Driscoll,
1996b; ()berdörster, 2001). It needs however to be stressed that particle overload and
associated induction of tumours is a phenomenon specific of the rat, and a lung tumour
response under similar conditions is generally not or only limited observed in hamsters and
mice (Maudcrly, 1997; ('III final report. 2001). In addition, no evidence for overload as
observed in the rat was found in humans heavily exposed to dust, i.e. coal miners (Kuempel et
al.. 2001).

Inflammation is a normal response of a tissue to 'inactivate' xenobiotic compounds and is
partly intended to promote the repair of the damaged tissue. A key component in the
inflummutory reaction is the transport and accumulation of inflammatory phagocytes into the
injured tissue While a great diversity of agents can elicit an inflammatory response in the
lung, ii common pathway exists which contributes to this recruitment of inflammatory cells. It
is not the scope of the this thesis to discuss this mechanism in detail, however a brief
introduction of particle-induced inflammation is indispensable.
' mrmv/.v /
I'ulmoiiiiry mllammatory cell recruitment upon inhalation of particles is largely depending on
an elaborate network of cytokines, which are specific signalling molecules that regulate
inflammatory processes (Klias et al.. 1990). In this process, alveolar macrophages (AM) play
a pivotal role. Under normal conditions. AM clear most of the invading micro-organisms or
particles. However, when AM are overwhelmed, either by the size, the number or the total
surface area of the invading particles, they will be activated to release cytokines. eliciting a
rapid inflammatory reaction. The major cytokines released by the AM include IL-1, TNF-a,
IL-G. 11.-8 and monocyte chemotactic protein (MC'P-I). TNF-a has been recognised as one of
the key cytokines. since it is considered to be the initiator of pulmonary inflammation. It can
be produced by a variety of cells, including macrophages, monoevtes and neutrophils
(C'arswell et al.. 1975; Rich et al.. 1989; Djeu et al.. 1990a). However in the lung, alveolar
macrophnges are found to be the major source of TNF-a. A central role of these cells in the
particle-induced inflammatory reaction was indicated by the discovery that particles of all
kinds, including quart/, asbestos and coal dust were able to activate in n'fw TNF-a release by
alveolar macrophages (l)ubois et al.. 1989; Driscoll et al.. 1990. Gösset et al.. 1991. Van
Eeden et al.. 2001). Moreover, also in particle-exposed rats, mice and humans. TNF-a levels
are increased, which contributes to the central role of this cytokine in the particle-induced
inflammatory reaction (Piguet et al.. 1990; /hang et al.. 1993; Driscoll 1994a; Seiler et al.
2001;Ghioetal.. 2001).

One of the key functions of TNF-a is thought to be the regulation of recruitment of
polymorphonuclear neutrophils (PMN) from the pulmonary capillary blood. Indeed, a close
association was found between the levels of TNF-a in the brochoaheolar lavage fluid (BALf)
and neutrophil influx into the lungs (Driscoll et al.. 1994a). TNF-a itself is not chemotactic
for neutrophils and macrophages, but it can activate the release of several chemotactic
cytokines (chemokines) such as interleukin-S b\ macrophages and lung epithelial cells.
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Neutrophil recruitment is characterised by three subsequent steps: adherence, extravasation or
diapedesis. and migration (Sibille and Marchandise. 1993; Stricter and Kunkel. 1994). The
adherence of PMN to the vascular endothelium is mediated by specific adhesion molecules
(Sibille and Marchandise. 1993). Subsequent processes of neutrophil recruitment
(extravasation and migration) are controlled by chemokines (Miller and Krangel, 1992;
Driscoll 1994b). The most well studied chemokine in humans is interleukin-8 (11.-8).
especially known for its chemotactic activity towards neutrophils (Kunkel et al., 1991).
Importantly, in rodents the neutrophil chemotactic action of 1L-8 is mainly covered by
macrophage inflammatory protein-2 (M1P-2).
In the rat, the extensive inflammatory cell influx is a hallmark of particle exposure at
overload levels. Numerous studies have demonstrated the association between inflammatory
cell influx into the rat lung and the induction of chemokines aller particle exposure (Yuen et
al., 1996; Driscoll et al., 1996a; Albrecht et al., 2002; Dull'm et al.. 2001). The effector cells
of TNF-a-mediated chemokine production, in addition to fibroblasts and the alveolar
macrophages themselves, are alveolar epithelial cells (Standiford et al., 1990 & 1991; Simon
and Paine, 1995). Indeed, several studies suggested that these cells could possibly contribute
to the inflammatory cell influx by their ability to release chemokines upon direct interaction
with particles (Carter et al. 1997; Driscoll et al., 1997; Steerenberg et al., 1998; Schins et al.,
2002a) (Figure 2). Nevertheless, the alveolar macrophage seems indispensable in eliciting an
inflammatory response. This is clearly demonstrated by experiments in which the rat lung was
depleted from alveolar macrophages. In such animals accumulation of neutrophils and
accompanying lung injury was found to be significantly reduced (I.entsch et al., 1999). The
effect of macrophage depletion on inflammatory processes induced by particles however, has
not yet been investigated.
Alveolar space

Pulmonary
capillary

Rj>nr» 2. Schematic overview of the interplay between alveolar macrophages (AM), alveolar epithelial cells and
blood vessel endothelial cells in the recruitment of neutrophils (PMN| from the pulmonary capillaries into the
alveolar space. Particle exposure activates AM to release cytokines, including TNF-u These cytokines activate
the epithelial and endothelial cells to respectively express chemokines (e.g. IL-8. MIP-2. MCP-I) and adhesion
molecules (eg. ICAM. E-selcctin) Marcophages themselves are activated to release chemokines via autocrine
pathways Additionally, particles may also directly activate epithelial cells to release chemokines.
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Various particle characteristics have been identified to be involved in the activation of
macrophagcs and epithelial cells to release cytokines. These may include particle surface
reactivity (Donaldson et al., 2001; Albrecht et al.. 2002; Duffin et al.. 2001). surface area (Li
et al., 1999; Brown et al., 2001), presence of soluble metals (Carter et al., 1997; Ghio et al.,
2000), and cndotoxin (Becker et al., 1996; Soukup and Becker. 2001). It is now generally
accepted that target cell release of cytokines such as TNF-ct and IL-8 is closely associated
with the ability of the particles to induce oxidativc stress. In this mechanism the involvement
of rcdox sensitive intracellular signalling molecules such as nuclear factor KB ( N F K B ) has
been clearly demonstrated (Suzuki et al., 1997; Schins et al.. 2000; Shukla et al., 2000; Duffin
et al. 2001).
In addition to their role in regulating the inflammatory response by the release of
cytokines, activated AM also generate a plethora of other biological active products which are
involved in both lung defence and injury. AM release several proteases, including elastases
and collagena.scs that act extraccllularly to effect fibrinolysis and matrix remodelling.
Enzymes like lysosymc or hydrolases are involved in bacterial killing. Additionally, AM also
secrete growth factors, involved in cell proliferation, and biologically active lipid products,
such n.s products of the arachidonic acid metabolism (Sibille and Reynolds, 1990). Last but
not least, activated AM also generate ROS and reactive nitrogen species (RNS). which are
originally released lor bacterial cell killing. Since ROS and RNS may also be involved in
cellular genotoxicity, the mechanism of their release by AM and the role of particles herein
will be discussed in paragraph 1.2.

Polymorphonuclear neutrophils (PMN) play an important role in a variety of inflammatory
lung diseases. The pulmonary vasculature represents the largest reservoir of PMN in the
human body. For instance, the concentration of neutrophils within the pulmonary capillary
blood is 35-100 fold greater than within the large vessels of the systemic circulation.
Moreover, part of these neutrophils appear to adhere loosely to the endothelial wall of the
pulmonary vasculature. even under normal conditions, thereby providing a pool of rapidly
'recruitable' neutrophils (Doerschuk et al., 1987). Deforniability of the neutrophils is a crucial
factor in this sequestration process (Selby et al., 1991), and recently it has been demonstrated
that cytokines, including II.-8 play an important role in decreasing the deformability of the
neutrophils, and thus enhancing the sequestration in the lung (Drost and MacNee, 2002).
However, in the normal lung lumen, alveolar macrophages are the resident cells, whereas
PMN are almost absent. In response to inflammatory stimuli, a very rapid and often massive
influx of PMN can be observed into the inflamed lung, as described above. PMN are therefore
considered as a major effector cell in both acute and chronic inflammatory processes. Also in
particle toxicology the neutrophil has been recognised as a crucial contributing factor in lung
injury. Once migrated into the lung lumen, the PMN will be activated to release a myriad of
products. Currently, more than 50 neutrophil-derived toxins have been identified including
oxygen radicals, proteolytie enzymes, bactericidal proteins and several other enzymes (Weiss,
1989; Sibille and Reynolds. 1990). Most of these products are stored in lysosomal granules,
which can be subdevided into azurophil (primary) and specific (secondary) granules. For
example, some of the important products stored in azurophil granules are: elastase. lysozyme
and imoloperoxidase. while collagenasc and defensms can be found in the specific granules
(Sibille and Marchandise. 1993). Upon activation, the granules migrate to the cell membrane
and fusion with the membrane initiates exocytosis. which is followed by the release of the
granule content into the extracellular environment, a process called degranulation.
Dcgranulation by neutrophils can be elicited by several soluble mediators, including the
CNtokines U.-o. 1L-S and TNF-a (Mullen et al.. 1995; Djeu et al.. 1990b). Moreover, bacterial
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endotoxins, particles or other noxious stimuli present in the lung lumen are also able to
activate the neutrophil degranulation upon phagocytosis (Wilson. 1985; Sibille and
Marchandise, 1993). In addition to the release of granule products, activated PMN can
undergo a respiratory burst, which is characterised by the production of large amounts of
reactive oxygen species. This process, and the role of particles herein will be discussed more
in detail in chapter 1.2.
Opposite to their protective role, PMN are also implicated in the pathogenesis of a
variety of acute or chronic inflammatory pulmonary diseases including chronic obstructive
pulmonary disease (COPD) (Selby et al., 1991; Noguerea et al., 2001). idiopathic pulmonary
fibrosis (IPF) (Hunninghake, 1981), and the adult respiratory distress syndrome (ARDS)
(Täte and Repine, 1983). In these diseases neutrophils are associated with several pathogenic
processes. For instance, PMN-derived oxidants and proteolytic compounds are implicated in a
great variety of injurious effects, including lung matrix degradation, killing of pulmonary
epithelial and vascular endothelial cells and inducing detachment of these cells from their
matrix support (Ward, 1991; Simon et al., 1986). Furthermore, neutrophils have been related
to mucus hypersecretion (Adler et al., 1990), whereas oxidants released by neutrophils might
play a role in dysregulating airway smooth muscle function, mediating its contractile response
(Barnes. 1990; Van der Vliet and Bast, 1992). The specific mechanism of ROS production by
neutrophils, and their role in genotoxicity will be further discussed in respectively Chapters
1.2 and 1.3.

1.2 Reactive oxygen and nitrogen species

Reactive oxygen species (ROS) is a collective term often used to describe oxygen radicals,
including Superoxide (O;'), hydroxyl radical (OH), peroxyl radicals (RO/) and alkoxyl (RO")
radicals. Additionally, the term is also used to describe certain non-radicals that are either
oxidising species or that can easily be converted into radicals, such as hypochlorous acid
(HOC1), ozone (O,), peroxynitrite (ONOO). singlet oxygen ('();) and hydrogen peroxide
(H;O;). RNS is a similar collective term that includes nitric oxide radical (NO"), ONOO,
nitrogen dioxide radical (NO;'), other oxides of nitrogen and products of a reaction of NO'
with O / , RO;' or RO". An overview is given in Table 1.
Table 1. Overview of reactive oxygen and nitrogen species (ROS and RNS)

ROS

RNS

Superoxide ( O / )
Hydrogen peroxide (H-O.-)
Hydroxyl radical (OH)
Singlet oxygen ('O;)
Hypochlorous acid (HOCI)
Peroxyl (RO;")
Alkoxyl (RO')
Ozone (O,)
Peroxynitrite (ONOO)

Nitric oxide radical (NO")
Nitrogen dioxide radical (NO/)
Nitrite (NO.)
Peroxynitrite (ONOO)
Allcyl peroxynitnle (LOONO)
Nitrous acid (UNO:)
Nitrous anhydride fN;O,)
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In this context it is important to note that the word 'reactive' is a relative term. For
instance, O;' is more reactive than ();, but neither ( > ' . nor H;O; in aqueous solutions is as
reactive as 'OH (Halliwell and Ciutteridge. 1985). The hydroxyl radical is so reactive with
biomolccules that a specific scavenger does not exist. As such it seems that damage induced
by ()H is unavoidable and that an organism can only deal with it by developing specific
repair processes. DNA damage induced by hydroxyl radicals and it repair will be further
discussed in Chapters 1.3.1 and 1.3.2.

//toon'
In cellular systems, endogenous, 'accidental' generation of the most common ROS species
( ( ) / , IM);. 'OH) may occur by leaching from mitochondrial respiration. It also includes autooxidation reactions in which ();' is formed upon reaction of compounds such as
catccholnmines and ascorbic acid with ();, usually catalysed by transition metals (Halliwell
and (iiittcrtdgc. 1985). On the other hand, KOS can also be endogenously generated during
specific and deliberate synthesis by various cell types, including fibroblasts, vascular
cndothclial cells and lung epithelial cells (Meier et al.. 1990; Arroyo et al., 1990; Van
Klavcrcn. 1997; Kinnula ct al.. 1991 & 1992). The most significant and important cellular
KOS/KNS gcncrulmg system in ifie lung is constituted b> the poo/ or" inflammatory
phagocytes. In course of their defence activities they produce a vast amount of oxidants that
not only kills invaders but also may harm nearby host tissues. The role of phagocytes in host
defence was first discovered in the late 1800s by Klie Metchnikoff, who observed that
"wandering' cells crowded around sharp thorns which he had pierced into transparent starfish
larvae (Metehnikolf. 1883). However, the first observation that oxygen species might have
something to do with the defending function of phagocytes was the discovery of the
'respiratory burst' in the early 1930's by Baldridge and Gerard (1933). In their experiments
they found that ueutrophils displayed an immediate increase in oxygen uptake upon exposure
to bacteria. In the following years, intensive research was performed to elucidate the
implication of this respiratory burst. The initial explanation of the increase in oxygen
consumption was attributed to the extra need of oxygen to supply energy for ingestion of the
microorganisms. However, this hypothesis was roughly rejected by the discovery that these
activated neutrophils produced hydrogen peroxide (Iyer et al., 1961). The next step in
elucidating the mechanism of ROS production by inflammatory phagocytes was the discovery
of the en/yme myeloperoxidase by Klebanoff. who showed that this enzyme catalysed the
reaction between IM); and t'l to generate the highly potent microbicidal compound HOC'l
(Klebanoff, 1967). In 1973 the mechanism of phagocytic ROS production was further
elucidated by the publication of Babior and co-workers about the discovery of Superoxide
production, catalysed by the enzyme NADPH oxidase (Babior, 1973).
.Wtv/nw/i'.vw.v
The whole spectrum of oxidants initially generated by phagocytes is more or less the
responsibility of the action of four different enzymes, catalysing different reactions (
summerised in Table 2). NADPH-oxidasc is the enzyme by which the oxidant generation is
initiated. It is a membrane-bound enzyme that is dormant in resting cells but comes into
action when the cell is activated by phagocytosis of invading microorganims or particles. In
addition, also soluble activators, including the inflammatory cytokines IL-8 and TNF-a are
recognised as specific and potent activators of the oxidative burst of neutrophils in the lung
(Nathan. 1987; Ojeu et al.. 1990b). NADPH-oxidase is composed of a number of subunits
which are distributed in the cytosol and the membranes of intracellular vesicles and
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organelles. Upon activation the cytosolic subunits migrate to the membranes where they bind
to membrane-associated subunits, assembling the active oxidase. The intracellular organelles
then fuse with the plasma membrane resulting in the release of O;" into the extracellular
environment or into the phagocytic vesicle (Babior, 1988; Babior. 2000). Currently, the
oxidase is thought to be activated via two main pathways: one dependent on G proteins and
formylated peptide receptors, and the other involving protein kinase C" (Babior, 1988). The
most specific (experimental) activators of both pathways are respectively the bacterial
chemotactic peptide N-formyl-methionyl-leucyl-phenylanaline (FMLP) and the phorbol ester
phorbol myristate acetate (PMA). Superoxide itself is not very reactive and has a limited
membrane permeability. A crucial characteristic is its ability to release iron from specific
iron-binding proteins and to reduce Fe to Fe" , which can subsequently be used in the
Fenton reaction, generating hydroxyl radicals (see below) (Bolann et al., 1990; Keyer et al.,
1996).
The enzyme Superoxide dismutase was first discovered in 1969 by McCord and
Fridovich. It catalyses the formation of hydrogen peroxide from Superoxide. This reaction is
called dismutation, because O;'~ reacts with itself to generate an oxidised and a reduced
product (resp. O; and H;O;<). Superoxide also dismutes spontaneously. However, the presence
of SOD dramatically speeds up the dismutation reaction (about H)' times faster than
spontaneous dismutation), keeping the steady state concentration of (V low (McCord and
Fridovich, 1969). H;O: is relatively stable and is known for its capacity to diffuse and to cross
cellular membranes. As such, this provides a phagocyte the possibility to "act at a distance'.
However, in neutrophils most of the hydrogen peroxide (>70%) is consumed by the enzyme
MPO, which catalyses the reaction of hydrogen peroxide with halidc ions (CT, Br', I) to
generate hypohalous acids (Hampton et al., 1998). The principal product of the reaction of
MPO with H;O; is HOC1, due to the relatively high concentrations of Cl in body fluids. MPO
is a haem enzyme, and is present in exceptionally high concentrations in neutrophils (5% of
dry weight). Monocytes also contain MPO. but to a much lower extent than neutrophils, and
generally this is lost when these cells mature into macrophages. MPO has a strong green
colour, characterising the green colour of pus in inflamed tissue. (Klebanoft, 1967 and 1999).
The MPO, H^O; and chloride combination is a powerful antimicrobial system, due to the
extremely oxidising potency of HOC1 (Klebanoff. 1968).
Table 2. Enzymes and reactions involved in oxidant generation by inflammatory phagocytes.
Enzyme

Reaction

Product

Specific
antioxidanl/
Scavenger

NADPH oxidase

2O; + NADPH -» 2 0 / + NADP' + H'

O/

SOD

Superoxide dismutase

2CV + 2H -> Oj + H2O2

H2O2

Catalasc

Myeloperoxidase

Cl + H;O; "> HOCI + OH

HOCI

Taurinc

Nitric oxide dismutase

L-arg + O; + NADPH •» NO' + L-citrulline
+ NADP

NO'

ImidazolincoxylN-oxide*

The fourth enzyme, nitric oxide synthase, catalyses the production of NO' from Larginine. oxygen and NADPH. Generally, there are two forms of the enzyme. ITie constitutive
form (cNOS) produces small amounts of NO' for signalling purposes, and is mainly found in
vascular endothelial cells and in the nervous system. In contrast, the inducible form (iNOS) is
produced by phagocytes upon specific stimulation and is able to generate large amounts of
NO' (Hevel, 1991; Weinberg. 1995). It is well documented that macrophages generate nitric
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oxide in response to cytokines, LPS or particles, in an iNOS-mediated reaction (Gross et al.,
1998; Huffman et al., 1998). In contrast, studies on the activity of iNOS in isolated blood
neutrophils have been contradictory and often negative (Padgett et al., 1995; Yan et al., 1994;
Klebanoff and Nathan, 1993). However, the neutrophil does not necessarily need its own
nitric oxide production to contribute to the formation of RNS, since neutrophil-derived
myeloperoxidase may contribute to the formation of various RNS by the oxidation of the
stable NO' metabolite nitrite, in the presence of hydrogen peroxide (Van der Vliet. 1997).
'l"hc enzymes listed in Table 2 are responsible for the 4 products initially generated by
activated phagocytes: ( ) / , H;O;, HOCI and NO'. However, because of their reactivity, these
products will always interact with each other, causing the formation of a myriad of oxidants
(See Cable I and Figure 3).

•OH

'O,

NO-

NO,
Figure J Schematic overview of the generation and interaction of ROS and RNS produced by inflammatory
cells Three different pathways for the generation of'OH arc indicated (/4.Ä.O-

The most reactive and extensively described secondary product from the initial
oxidative burst products is the hydroxyl radical. It can be formed in several ways (see
pathways A.B.C in Figure 3). but in biological systems the most significant pathway is
probably the Fcnton reaction (A), (Fcnton. 1894. Lloyd et al.. 1997):
Fe"* + H;O; -» Fe' + OH + OH
In addition to iron, other transition metals such as Copper, Chromium and Vanadium can also
catalyse this reaction (Aruoma et al.. 1991; Lloyd et al.. 1998). The hydroxyl radical is so
reactive that it reacts with almost everything with second order rates of 10* to 10'" M 'sec '.
Essentially, this means that if'OH contacts a compound, reaction occurs immediately. In
addition to its role as a progenitor of H;O;. and thus the hydroxyl radical. ();" can react
extremely fast, at a near diffusion limited rate, with NO' to form peroxynitrite (Huie and
Padmaja. 1993). The rate constant of this reaction is about 3.5 times larger than that for the
SOD-catalysed dismutation of O;'. suggesting that the NO' O;' -reaction may predominate
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over the O?" / O;" -reaction (Beckman. 1990). As such, O;" might be considered as a specific
endogenous scavenger of NO". This might have deleterious effects, since NO' is also known
to act as a vascular relaxing factor and is thus involved in controlling blood pressure (Kojda
and Harrison. 1999). Although peroxynitrite is not a free radical, it is short lived and far more
reactive than both of its precursors. At physiological pH. its protonaled form (ONOO1I) can
rapidly decompose to form a variety of highly reactive RNS, including NO:' (Pryor 'i"d
Squadrito, 1995). More importantly however, ONOO can be an alternative source for the
hydroxyl radical (Beckman et al., 1990; Murphy et al., 1998) (Pathway B, Fig. 3). A third
source of'OH formation can be the reaction of HOC1 with O;' (Pathway C, Fig. 3) (llalliwell
and Gutteridge, 1985; Ramos et al., 1992).
/.2.J £//fec7 o//>arftW« on
Numerous studies have demonstrated the ability of environmental particles and fibres,
including asbestos, crystalline silica, heavy-metal containing dusts, oil fly ash, coal fly ash
and ambient paniculate matter (PM), to activate ROS release by neutrophils as well as
macrophages (Hansen and Mossman, 1987; Hedenborg and Klockars, 1989; Leanderson and
Tagesson, 1992; Berg et al.. 1993; Becker et al. 1996; Hitzfeld et al., 1997; Prahalad et al.,
1999).
Several specific particle characteristics have been demonstrated to be involved in the
activation of the inflammatory cells. For mineral dusts such as crystalline silica it has been
shown that ROS release from inflammatory cells was related to the physical dimensions and
the surface based radical-generating properties of the particles (Vallyathan et al., 1992). lor
instance, procedures used to modify the particle surface, such as grinding or coating of the
surface by specific compounds clearly influenced the ROS release by the inflammatory cells
(Klockars et al., 1990; Nyberg, 1991; Vallyathan et al.. 1991; Vallyathan et al.. 1992). In
chemically complex particles such as paniculate matter (PM) or fly ash, the chemical
composition has been shown to be clearly related to the ability to activate ROS release. Berg
et al.. (1993) demonstrated that in macrophages exposed to metal containing dusts, the release
of hydrogen peroxide was correlated with the metal content of the dusts. This was also
observed in neutrophils exposed to PM, were ROS release was associated with the insoluble
metal content of the particles. Notably, in these studies no relation between soluble metals and
neutrophil response was found (Prahalad et al., 1999). Additionally, also organic substances
adsorbed on the particle surface of PM have been related to the neutrophils' oxidative burst
(Hitzfeld et al.. 1997).
The intracellular mechanism of ROS production by inflammatory cells exposed to
particles preceding the activation of NADPH oxidase is not yet fully understood. In
neutrophils exposed to crystalline silica, oxidant generation by the cells has been related to
changes in intracellular calcium (Tuomala et al., 1993a). Moreover, in other studies using
quartz, a role of protein kinase C (PKC) was suggested in the oxidant release by neutrophils
(Tuomala et al., 1993b). The same mechanism, i.e. role of PKC and intracellular calcium, has
been demonstrated for quartz-exposed alveolar macrophages (Gercken et al., 1996).
As described in paragraph 1.3. also RNS may play a significant role in genotoxic
effects induced by activated inflammatory cells. However, release of nitric oxide by
neutrophils is still contradictory and it is thought that during inflammation the alveolar
macrophages are the major source of nitric oxide in the lung, //i v/Vo exposure of rats to quartz
results in a clear increase in iNOS mRNA levels in brochoalveolar lavage cells, which is
accompanied with an enhanced NO' production by isolated alveolar macrophages (C'astranova
et al.. 1998; Carter and Driscoll, 2001). Surprisingly, data on NO' production during ex wVo
stimulation of alveolar macrophages with quartz have been contradictory, and it was
suggested that for NO' release by A.M. an interaction between AM and neutrophils is an
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important factor (( astranova et al., 1998). In contrast to quartz. PM has been demonstrated to
directly activate NO production by macrophages /'/» v/7r« (Diociaiuti et al., 2001), although
this may largely attributable to LPS contamination of PM.
In addition to macrophages and neutrophils, epithelial lung cells are an alternative
source of ROS and RNS during the pulmonary response caused by particle exposure. Type II
epithelial cells possess an NADPH-oxidase like activity, which is implicated in the production
of hydrogen peroxide by these cells (Van Klavcren, 1997; Kinnula et al., 1991 & 1992).
Moreover, quart/, increased the production of hydrogen peroxide in type II cells (Driscoll et
al., 2001) The mechanism of particle-mediated IM); generation in these epithelial cells is not
yet clear, although a role of PKC activation or mitochondrial activation could be involved
(Pcrdcnsct et al.. 1991; Driscoll et al.. 2001). The respiratory tract epithelium has also been
recognised as an important source of nitric oxide, which is closely related to the continuous
expression of iNOS ((iuo et al.. 1995). However, possibly due to the fact that these cells lose
their iNOS activity rapidly upon culture in vitro ((iuo et al.. 1995). a direct effect of particles
on NO' production by these cells /« W/ro has been poorly described.

To combat ROS, the lung contains a broad range of antioxidant defences, which has been
extensively reviewed elsewhere (IXwIman and Hast, 1990; Kinnula ct al.. 1995; Rahman and
MucNce, 199ft). Generally, enzymatic and noncn/ymatic antioxidant defences can be
distinguished. Additionally, antioxidant mechanisms can be divided in extracellular and
intraccllular defence systems. The first line of defence against inhaled oxidants are the
extracellular antioxidant defence systems present in the epithelial lining fluid (ELF). ELF
contains enzymatic antioxidants such as SOI), catalase and glutathione peroxidase. as well as
low molecular mass antioxidants, including ascorbate, uric acid, glutathionc and alphatocopherol (Van der Vliet et al.. 1999). A second line of antioxidant defence is contained
within the lung target cells themselves, consisting of both en/ymatic and non-enzymatic
antioxidant mechanisms. The resistance to oxidants may differ profoundly between various
lung target cells, mainly caused by differences in the antioxidant capacity of the particular
target cell. For example, rat alveolar type II cells and Clara cells, known to be specific target
cells for particle-induced carcinogenicity (Johnson et al.. 1987; Nikula et al.. 1995; Driscoll et
al., 1997a). contain larger amounts of catalase compared to endothelial cells or pleural
mesothelial cells. However, in comparison with AM's these levels appear to be rather low
(Schraufstiitter et al.. 1988; Kinnula et al.. 1992; Kinnula et al.. 1995). Consequently, cell
types containing lower levels of catalase show an enhanced sensitivity towards for instance
H;O:-induced DNA damage (Schraufstätter et al., 1988). As such, it is obvious to speculate
that the vulnerability of a particular site in the lung is determined by not only the local level
and characteristics of oxidant exposure, but also the level and specificity of the antioxidant
capacity of the local target cells.
Regarding particle exposure, there is considerable evidence that associated cell injury
is mediated through the action of oxidants. either generated by the particles, or by particleactixated inflammatory cells. During panicle exposure, lungs specifically upregulate their
antioxidant defence systems. For instance, using different mineral particles, it has been shown
that the profiles of antioxidant induction in the rat lung were dissimilar, possibly reflecting a
particle-specific profile of generated ROS (Janssen et al.. 1992). Such data would suggest that
characterisation of specific antioxidant profiles in the lung could help to identify specific
mechanisms of action of various particles. On the other hand, in the rat. particle exposure is
essentially associated with a common inflammatory response. In inflammation-related
oxidative stress, induction of antioxidants in epithelial cells of the lung seems to be regulated
by cytokines. such as TNI -u and ll.-fc (Wong and Goeddel. 1988; Kinnula et al.. 1995).
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These observations indicate that the induction of pulmonary antioxidants during particle
exposure could be related to the intensity of the particle-induced inflammatory response.
However, it needs to be emphasised that antioxidant systems of specific target cells may also
be induced in response to a direct contact with particles. This has mainly been demonstrated
by /";/ v<7w studies, showing changes in both gene expression and activities of antioxidants in
particle-exposed lung target cells (reviewed by Driscoll et al., 2002).

1.3 Particle-related genotoxicity
The initiation stage of the multistep carcinogenic process is mainly characterised by genotoxic
processes, which may lead to irreversible changes in the structure of the genetic material of
cells. These changes (mutations) may involve a single gene, a block of genes or even whole
chromosomes. The term 'genotoxic' has first been used in 1973 by Hermann Dnickrey during
a conference on 'Evaluation of genetic risks of environmental chemicals' in Sweden. He
stated: "In order to describe the components of chemical interaction with genetic material, the
term genotoxic is proposed as a general expression to cover toxic, lethal and heritable effects
to karyotic and extracaryotic genetic material in germinal and somatic cells" (Weishurgcr and
Williams, 2000). Currently, numerous studies have been performed to investigate genoloxic
properties of all kinds of particles (Review: Schins, 2002b). Especially for the purpose of
carcinogenic risk assessment of a particular particle, genotoxicity testing is considered as a
valuable tool (Greim et al., 2001). Compared with chemicals, particles form a rather specific
group of possible genotoxins, since their behaviour and characteristics, both physical and
chemical, are totally different and often very complex. Mainly therefore, the exact
mechanisms of particle-induced genotoxicity and possibly related carcinogcnicity are
currently still incompletely understood. To further complicate matters, it is now established
that genotoxic effects of poorly soluble particles in rats are closely associated with their
properties to elicit an inflammatory reaction (Driscoll et al., 1996a; (ircim et al., 2001).
Essentially, the ability to induce inflammation therefore necessitates the discrimination
between primary (direct particle-induced) versus secondary (inflammation-induced)
genotoxicity of particles. However, in both mechanisms of particle-induced genotoxicity,
ROS and RNS are known to play an important role (Schins, 2002b). Therefore, the following
chapter describes some general mechanisms by which ROS and RNS may induce damage to
the DNA.
Aa.vev A»
Until the mid-1980's. the major focus in genotoxicity research was on DNA damage caused
by xenobiotic chemical compounds such as PAH's, nitrosamincs or aromatic amines.
Numerous studies were performed to investigate the relation between the mainly large DNAadducts induced by these compounds and carcinogenesis. Smaller DNA adduets, caused by
attack of oxygen metabolites were not yet detectable at that time. However, a major
development in carcinogenesis research in the past 20 years has been the discovery of DNA
damage induced by ROS and RNS derived from both endogenous and exogenous sources
(Marnett. 2000). In the mid 80's Ames and co-workers discovered that oxidised DNA bases
were abundantly present in tissues of both humans and rodents (Cathcart, 1984). At the same
time it became clear that ROS-induced DNA damage was likely to be involved in
carcinogenesis. Indeed, many of the ROS/RNS have characteristics which make them to be
considered as possible carcinogens. They can oxidatively attack DNA bases, possibly leading
to structural alterations in the DNA, such as base pair mutations, deletions, or insertions.
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which are all commonly observed in mutated oncogenes and tumour suppressor genes
(Wiseman and Halliwell. 1996).
The chemistry of DNA damage by several ROS has been well characterised,
especially using /« v//ro systems. Generally, the reactions contributing to ROS/RNS-induced
DNA damage arc oxidation, nitration, depurination, methylation and deamination (Wiseman
and Halliwell, 1996). It is important to note that the reactivity from various reactive species
towards the DNA is extremely variable. For instance: whereas Superoxide and hydrogen
peroxide arc thought not to react with DNA at all (Halliwell and Aruoma, 1991; Wiseman and
Halliwell. 1996), '(); selectively reacts with the guanine base (Van den Akker et al.. 1994).
However, the most potent ROS by far to react with DNA is the hydroxyl radical, which
generates a multiplicity of products from all 4 bases (Pryor, 1988; Spencer et al., 1995). In
1984 Kasai discovered the DNA lesion 8-hydroxydeoxyguanosine (8-OHdG), which is
produced by a hydroxylation of the ( - 8 position of the guanine derivate of the DNA (Kasai et
al.. 19K4) (Figure 4). The discovery that 8-OHdG was easily detectable by the use of HPLC
with electrochemical detection (Floyd. 1986), made it the most abundantly studied oxidative
DNA adduct in carcinogenesis research. The ease with which 8-OHdG could be detected in
all sorts of tissues, body (luids etc. led to an overwhelming amount of studies investigating
the implications of its induction in both human and animal DNA. These studies have
ultimately culminated to a consensus that the presence of 8-OHdG in cellular DNA is
considered to be closely related with carcinogenesis (Hoyd et a/.. 1990). Indeed, several
studies demonstrated enhanced levels of 8-OHdG in tumerous compared to non-tumerous
tissue (Okamoto et al.. 1994; Kondo et al.. 1999). If 'Science' magazine had started its
'molecule of the year' election in the late 80's, it would certainly have chosen 8-OHdG. In
addition to 8-OHdG, numerous other kinds of "OH-modified DNA bases have now been
described, including 5-hydroxymethyluracil, 5-hydroxy-uracil, 5-hydroxyadenine, 8hydroxyadenine, 2.6-diamino-4-hydroxy-5-formamidopyrimidine (FAPy-guanine) (Spencer
et al., 1995, Wiseman and Halliwell, 1996). However, in contrast to 8-OHdG, the biological
implications and significance of these lesions for carcinogenesis are often less well
understood.

OH

II,N

H,N

Figure 4 Hvdroxyltttion of the guanine base al the C-8 position by hydroxyl radicals.

Although 'OH causes the most significant and abundant DNA base lesions in
mammalians, it should be noted that also other ROS and RNS may interact with DNA. HOCI
for instance, is shown to react with naked DNA. inducing DNA-protem cross-links or
chlorination of DNA bases (Whitetnan et al., 1999; Kulcharvk and Heinecke. 2001). although
its ability to cause DNA damage in intact cells at physiological concentrations is still
controversial (Schraufstatter et al., 1988; Spencer et al., 2000). O; is reported to induce 8-
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OHdG in naked DNA (Lutgerink et al., 1992a). However, the implication of this reaction
within intact target cells is unclear. In addition to its role as a progenitor of a "OH-like species,
peroxynitrite is also suggested to damage DNA bases by deamination or nitration (Bumey et
al., 1999; Tuo et al., 2000). Of the possible DNA base damage products induced by NO;", 8nitroguanine is identified as the major compound (Yermilov et al.. 1995), and also here the
biological relevance is thought to be limited, possibly due to efficient repair (Tuo et al.,
2000). Nitrite, the major endproduct of NO' oxidation, is demonstrated to induce deaminated
guanine and adenine bases in bronchial epithelial cells (Spencer et al.. 2000). Additionally,
NO' can also induce DNA base damage via autooxidation to form species such as N;O*,
which damage DNA by deamination of the bases (Nguyen et al., 1992).
ROS and RNS are able to attack all biological macromolecules, i.e they will not only
interact with DNA, but will also attack lipids and proteins. Proteins and polyunsaturated fatty
acid residues of phospholipids, abundantly present in biomembranes, are extremely sensitive
to oxidation. Lipid hydroperoxides are the initial products of oxidised unsaturated fatly acids.
Upon reaction with metals they can produce a variety of very reactive side-products, such as
epoxides or aldehydes. Among these, malodialdehyde (MDA) and 4-hydroxynonenal are
extensively studied. Both products are known to damage DNA (Park and Floyd. 1992;
Mamett, 2000), and are associated with mutagenesis (Basu, 1983). Alternatively, interaction
of ROS with proteins may cause the induction of covalent cross-links between DNA and
proteins, a process also reported to be mutagenic (Kulcharyk and 1 leinecke. 2001).
7.5.2 DJV/1 r<y?ai> a/i</ D/V/l .v/ra/i</ ibvaib

It is clear that the DNA is constantly exposed to damaging agents such as ROS and RNS. For
an individual cell to survive and not to evolve into an uncontrolled growing and proliferating
cell, it is an absolute requirement to maintain the integrity of the DNA molecule before
initiating DNA replication, DNA transcription and cell division. For that reason, cells are
provided with several efficient DNA repair mechanisms. However, the fact that the DNA
from tissues of both animals and humans contains a low background level of damaged DNA
bases, suggests that the balance between damage and repair is a very fragile one (Ames,
1989). For instance, background levels of damaged DNA bases where found to be increased
in a number of inflammatory diseases, suggesting that the normal cellular repair capacity may
easily be overwhelmed during situations of excessive ROS generation (Shimoda et al., 1994;
Hagen et al., 1994; Bashir et al.. 1993).
The major DNA repair mechanisms involved in the removal of damaged DNA bases
are nucleotide excision repair (NER) and base excision repair (BF.R). In addition, several
other repair mechanism have been identified, including mismatch repair and DNA
alkyltransferases (direct repair). It is however far beyond the scope of this thesis to describe
all of these mechanisms. Minor DNA adduets, such as oxidised DNA bases arc basically
repaired by BF.R (Hansen and Kelly, 2000). BER involves the removal of relative short
stretches of DNA and represents a specific system for the removal of oxidised DNA bases. In
BER two different classes of repair enzymes can be distinguished: DNA glycosylases and
apurinic/apyrimidinic (AP) endonucleases. DNA glycolases exist for the repair of several
DNA base lesions including oxidised, methylated or deaminated bases. These enzymes
recognise a specific damaged base and cleave its glycosylic bond, which is followed by the
cleavage of the DNA backbone by an AP endonuclease. Subsequently, a new complementary
nucleotide is inserted and the backbone is ligated, restoring the native DNA structure
(Wallace, 1988). One specific DNA base lesion which is repaired by glycosylases involved in
BER is 8-OHdG. To counteract the deleterious action of this abundant DNA lesion, most
organisms have evolved a specific 8-OHdG repair glycosylase. In humans this is a protein
product of the OGG-1 gene (Boiteux and Radicella. 1999).
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Currently, surprisingly few data described the effect of particles on DNA repair
mechanisms in target cells. Most research has been done on mineral fibrous particles, and it
was shown that <Xi(i-l proteins and AP endonuclease activities were increased in lung target
cells upon exposure to crocidolite asbestos (Fung et al., 1998; Kim et al.. 2001). Other studies
describe the activation of DNA repair enzymes after treatment with cigarette smoke or diesel
exhaust particles (Tsurudomc et al.. 1999; Kamp et al., 2001). However, the mechanism of
DNA repair during exposure to other ubiquitous environmental particles such as quartz or
paniculate matter, still needs to be investigated. Moreover, it is important to keep in mind that
during processes in which target cells are exposed to ROS or RNS, such as during particleindutcd inflammation, the cellular response to initial DNA damage can be modulated due to
the fact thai several ROS/RNS, including IKX'I and NO' are reported to be potent DNA repair
inhibitors (I'ero et al.. 1996; Jaiswal et al.. 2001). As a further complication. DNA base
damage products, such as S-()Hd(i present in DNA have been shown to affect the ability of
several restriction cndonuclcascs to cleave the DNA (Turk and Weitzman. 1995).
.v/rtmr/ /»m/A.v
DNA strand breakage may result from a variety of reactions. The most obvious way is direct
Kixsion of the DNA backbone by chemical or radical attack. There are very few agents that
directly break DNA. The best known is ioni/ing radiation, which induces strand breaks by
direct deposition of energy in (he ribose-phosphale backbone. Additionally, direct DNA
strand breakage can also be induced due to radical attack of the DNA backbone. For instance,
DNA strand breaks can be induced upon reaction of "OH with the sugars of the DNA
backbone (luistman and Barry. 1992). DNA strand breakage can also be induced in an indirect
manner, via the induction of DNA base damage by ROS or RNS. As described above, such
DNA damage will trigger DNA repair mechanisms. However, during their action. DNA
strand breaks are transiently introduced into the DNA due to the action of endonucleases,
which cleave the phosphodiester backbone of the DNA molecule. Morover, it should be noted
that fragmentation of the DNA may also be a result of apoptotic processes (Stewart, 1994).
DNA strand breaks can be categorised as either single-strand (SSB) or double-strand
breaks (DSH). SSH normally represent reparable lesions, because the opposite strand holds
both ends close together. In contrast however, double strand breaks are usually considered to
be lethal, because they are not easily repairable. Anyhow, detection of DNA strand breaks,
either directly induced, or transiently induced during repair processes can be considered as a
helpful tool to test the genotoxic properties of chemicals and particles. DNA strand break
induction activates an abundant nuclear repair enzyme. poly(ADP-ribose) polymerase
(PARP). lor instance, induction of DNA strand breakage in asbestos-treated mesothelial cells
was associated with an activation of PARP (Dong et al.. 1995). There is now considerable
evidence that this enzyme, which modulates the DNA break rejoining processes, plays a
crucial role in the overall response to DNA damage (Satoh and Lindahl. 1994; Stierum.
1996).

In the past, a number of techniques for the detection of DNA base damage has been
developed. For instance. 8-hydroxyguanine (8-OHG), is often measured as the nucleoside (i.e
base coupled to a sugar) 8-hydroxydeoxyguanosine (8-OHdCi). To obtain this specific adduct
from isolated DNA. the DNA must be hydrolysed using enzymes. 8-OHdG can then be
measured using high performance liquid chromatography with electrochemical detection
(HPl.l-HCD), providing a highly sensitive method (Floyd et al.. 1986). Alternatively, also 8-
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OHG can be measured, after releasing it from the DNA by acid hydrolysis. In addition to
HPLC, gas chromatography coupled mass spectrometry (GC'-MS) with selected ion
monitoring is another highly sensitive method to analyse a wide spectrum of damaged DNA
bases. Both methods (HPLC-ECD, GC-MS) are very sensitive and have led to an enormous
increase in research on oxidative DNA damage. However, the relative rude processing needed
to degrade the DNA is currently a point of debate as this may cause both over- and
underestimations of the actual levels of DNA damage. Especially for particle research this is
an important point. During processing of particle-exposed cells, the naked DNA comes into
contact with free particles, possibly leading to an artificial induction of d.image. Indeed,
incubations with naked DNA have been used to evaluate genotoxic properties of particles
such as quartz (Daniel et al„ 1993). To avoid unwanted post-experimental interaction of
particles and DNA. methods to detect DNA damage /;/ ,V;7M can be applied, l'or instance, with
immunohistochemical techniques, using specific antibodies, numerous specific damaged
DNA bases can be detected, including 8-OHdG or 8-OHG (Nehls et al., 1997; Toyokuni et
al.. 1997; Soultanakis et al.. 2000). The major advantage of these methods is the relative
speed by which results can be obtained, and the fact that no complicated analytical equipment
is needed. Moreover, such methods provide the possibility to investigate DNA damage on a
single cell level, or to specifically locate DNA damage in tissue sections. However, in
contrast to analytical chemical methods a quantitative analysis is not possible.
Another approach to detect specific DNA adduets is the postlabeling method. In this
quantitative technique, detection of the DNA-adducts involves the addition of a radioisotope
into the adduct. The best known postlabeling method is the "P-postlabeling technique
(Randerath et al., 1981), which represents the most sensitive analytical tool for measuring a
single base damage in cellular DNA. The technique is especially useful and very sensitive for
the detection of bulky aromatic DNA adduets (such as PAH-DNA adducts), allowing
detection limits of 1 adduct per 10* nucleotides or even lower (Van Schooten, 1991). The *P
postlabeling technique has also been adapted to detect small DNA adducts such as 8-OlldG
(Lutgerinketal., 1992b).

In contrast to base damage analysis, DNA strand break analysis may cover a broader range of
damaging effects, since strand breaks can either be directly induced or indirectly, mainly due
to repair processes after base damage. The most commonly used method for detection of
DNA strand breaks is the alkaline elution method (Kohn et al., 1976). In this technique,
exposed cells are lysed and DNA is denatured in alkali, and subsequently eluted on a filter.
The rate of elution is proportional to the single strand size of the DNA. By varying the pi I of
the elution buffer, the origin of the strand breaks can be more or less determined. For
instance, alkali-labile sites are stable until the pH is raised above 12.5, whereas double strand
breaks can only be detected when DNA is eluted from the filters at neutral pll (Bradley et al.,
1979). A differentiation between DSB and SSB within one DNA sample can be made using
supercoiled double-stranded plasmid DNA as a target. After exposure, the DNA can be
electrophorised and the relative amount of supercoiled (i.e. undamaged), relaxed (representing
damage due to SSB), and linear DNA (representing DSB) can be distinguished (Gilmour et
al., 1995). A relative new and interesting technique to measure SSB's is single cell gel
electrophoresis, also known as the comet assay (Singh et al., 1988). In this assay, exposed
cells are transferred into a gel, lysed, denatured in alkali and subsequently electrophorised.
Cells with increased DNA damage display an increased migration of chromosomal DNA from
the nucleus to the anode. The term "comet' is used to identify the DNA migration patterns
produced by this assay. A great advantage of this method, compared to the former ones is the
possibility to measure the level of SSB on a single cell level, allowing analysis of a small

25

INTRODUCTION

number of cells. Also here modification of the pH of the denaturation/electrophoresis bufTer
can give additional information about the nature of the SSB. More specifically, the original
version of a technique to evaluate strand breaks in individual cells was described by Östling
and Johanson (1984), who used neutral conditions, and thus detected DSB's. In the alkaline
comet assay, recent adaptations demonstrated that the use of specific DNA repair enzymes or
antioxidants prior to denaturation may give additional information about the nature of the
DNA damage (Collins et al.. 1993; Tice et al.. 2000). For instance, the use of
formamidopyrimidinc-DNA glycosylase (FPCi), a bacterial enzyme which specifically repairs
8-Olld(i from the DNA, provides a method to detect 8-OHdG with the comet assay which
closely resembles the IIPI.C-F.CD method (Yoshida et al., 2001). Alternatively, measurement
of Poly-ADP-ribose polymerase activity can be used as an indirect measure of DNA strand
breaks, since it is activated whenever DNA strand breaks occur (Althaus et al., 1982).

DNA damage might have several consequences, such as cell cycle arrest, mutagenicity and
eventually cancer. Furthermore, DNA damage is also implicated in cell killing processes.
Cytotoxicity is generally used as a term to describe the cell-killing property of a certain
compound. In principle, there arc two mechanisms involved in cytotoxicity, necrosis and
anoptosis. Necrosis is the pathological process which occurs when cells are exposed to a
physn.nl or chemical insult. A polos is however (aka programmed cell death) is the
physiological process by which useless cells are eliminated during normal biological
processes. Therefore, it could be speculated that the level of oxidative stress necessary to
transform a single cell into an uncontrolled growing one, has a sort of optimum: too much of
DNA damage will result in death cells, unable to proliferate. In such a way, cytotoxicity,
cither due to necrosis or apoptosis, can be considered as a defence mechanism of cells to
prevent malignant transformation.
To have a possible implication in carcinogenesis. DNA damage has to be related to
genes involved in cell proliferation and growth. Damage to 'inactive' DNA will do not much
harm us no vital genes are involved. Two types of genes are considered to be of crucial
importance in the carcinogenic process. These include protooncogenes (e.g. K-ras) and
tumour suppressor genes (e.g. p53). In general, protooncogenes code for protein products
involved in growth stimulation, whereas tumour suppressor gene-products regulate growth
inhibition. Normally, the activity of these genes is well controlled within the cell. However,
genetic alterations (gene-mutations), such as those induced by ROS/RNS may lead to an
uncontrolled activation, or respectively inactivation pattern of these genes, eventually leading
to an increased cell growth and proliferation. ROS/RNS-induced gene alterations may
specifically include point mutations and base deletions (Jackson, 1994). Moreover, is should
be noted that ROS.RNS may also induce changes in whole chromosomes (chromosomal
mutations or aberrations). However, these processes will not be further discussed in this
thesis.
Mutagenic processes associated with DNA base damage have been extensively
investigated. Much work, of course, has been done on 8-OHdG. and several studies
demonstrated that this lesion is indeed premutagenic (Kuchino et al.. 1987; Cheng et al.,
1992). Moreover. 8-OHdCi-specific patters of mutagenesis are widely seen in mutated
oncogens and tumour suppressor genes, indicating the association of 8-OHdG with
carcinogenesis. Also other *OI (•mediated DNA lesions such as 8-OH-adenine. thymine
glycol. 5-hydroxyuracil and uracil glycol are shown to be mutagenic (Guschlbauer et al.,
1941; Wang et al.. 1948). However, the mutational potential of these DNA lesions is variable,
with 8-OHdti being 4 times more mutagenic than for instance 8-OHdA (Tan et al.. 1999). In
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addition, also RNS-derived DNA damage has been shown to be mutagenic in a variety of
systems, including bacteria and mammalian cells (Bumey et al., 1999).
An alternative way by which oxidant-induced DNA damage can affect production of
proteins involved in cell proliferation and growth, is by altering the interaction between gene
promoters and sequence specific DNA binding proteins associated with these promoters. For
instance, the presence of 8-OHdG in consensus binding sequences for transcription factors
AP-1, NFkB and Spl was related to an inhibition of the binding of these transcription factors
to the DNA (Ghosh and Mitchell, 1999; Ramon et al.. 1999).
/. J.5 Primary #?norax/c//)' o/part/c/es
As opposed to secondary, inflammatory cell dependent genotoxicity (Chapter 1.4), direct
particle-induced genotoxic effects will be referred to as 'primary genotoxicity'. In the past,
various established test systems have been applied to investigate primary genotoxicity of
particles. The most simple test to analyse direct genoloxic effects is to coincubate particles
directly with naked DNA in aqueous buffer. Using such systems a variety of DNA damaging
properties, including strand breakage and damaged DNA bases have been described lor all
kinds of particles, including crystalline silica and PM (Daniel et al., 1993; Shi et al., 1994;
Donaldson et al.. 1997; Prahalad et al.. 2001). In general, acellular assays can be considered
as a first way to screen genotoxic properties of new particles. However, it is important to
realise that these test systems implicate that particles, engulfed by target cells should come
into close contact with the DNA. Although Daniel et al. (1995) demonstrated localisation of
quartz particles in the nuclei and mitotic spindles of alveolar epithelial cells, the migration of
particles into the nucleus and possible related genotoxic consequences is still controversial.
Therefore, the use of cell lines possibly represents a more appropriate way to elucidate
mechanisms of particle-induced genotoxicity. In the past a variety of genotoxicity indicator
tests have been used to describe cellular particle-induced genotoxic effects /« w'fw. These
include measurement of DNA damage (strand breakage. 8-OIIdG), detection of chromosomal
aberrations, representing possible clastogenic activity of particles (sister chromatidc
exchanges, micronucleus), and measurement of gene-mutations (III'RT, Ames-test). A
selection of such studies is shown in table 3. This listing should essentially not be considered
as a thorough analysis of existing data, but only intends to give a concise selection of some
genotoxic effects of relevant (both 'model' and 'real life') particles. It is also important to
note that /« v//r« studies on reference particles, such as carbon black and titanium dioxide,
generally used as negative controls, have demonstrated contrasting results. Although indeed
tested negative in the vast majority of studies, also some positive genotoxic results have been
described (Table 3).

Several mechanisms have been proposed to be possibly involved in direct genotoxic effects of
particles wi v/>ro. In general, the ability of particles to generate ROS in cell free aqueous
buffers is now recognised as a major factor in direct particle-induced genotoxicity (Schins,
2002b). For instance, for quartz the induction of 8-OHdG or DNA strand breaks could be
directly linked to its capacity to generate ROS in aqueous suspensions (Van Maanen et al.,
1999; Shi et al., 1994). The ability of quartz to generate ROS in cell free systems is largely
explained by its reactive particle surface (Vallyathan et al., 1988; Fubini et al., 1990; Fubini,
1998), and its specific role has been investigated using different coating materials or surface
modifying processes such as grinding, etching, or heating which affects the hydrophobicity
(Liu et al., 1996; Fubini et al., 1998, Elias et al., 2000; Duffin et al., 2001; Schins, 2002b).
Other physico-chemical characteristics related to the pathogenic effects of silica
particles are particle size, presence of impurities such as metals, and crystallinity
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(Fubini,1998). Generally, crystalline silica is considered to be more reactive than amorphous
silica (/hong et al.. 1997; IARC 1997), although others demonstrated that among several
tested silica dusts, some amorphous dusts were as potent as some crystalline dusts (Elias et
al., 2000). Although the majority of the studies mentioned above clearly demonstrated the
gcnotoxic potency of quartz, it is important to notify that primary genotoxicity of quartz
seems, at least to some extent, to be a point of discussion, since others for instance were not
able to delect mutations in the 11 PR I gene of rat type II cells, or SCH's in human
lymphocytes //i w/ru treated with quartz (Patron et al., 1990; Driscoll et al.. 1997a).
Table J examples n l m m m studies showing primary cellular gcnotoxic effects of various particles.
Cat I n k s
lallet teils
Cienoloxicity cndpoints
References
( illhon lil.uk

Alveolar epithelial cells.
Monocyies

Strand breaks (Comet)

Don Porto Carero et al.,
2001

Titanium dioxide

Alveolar epithelial cells

8-OHdG

Chinese hamster ovary cells

Micronucleus. SCE

Van Maanen et al..
1999
l . u e t a l . 1998

Titnniiim dioxide

(Skin) Kihroblasts

Comet

Dunfordelal . 1997

Crystalline silica

1 ibroblasts

Strand breaks (Comet)

/hong et al.. 1997

Alveolar macrophages

Strand breaks (Comet)

/hang et al.. 2000

Fihrohlasts

Micronucleus

l.iuelal . 1996

Coal fly ashes

Alveolar epithelial cells

8-OHdG

Diesel exhaust

I'ibroblasts

SCE

Van Maanen et al..
1W9
Keane et a l . 1991

PM

1 ibroblasts

Strand breaks (Comet)

Hsiao et a l . 2000

l.ung epithelial cells

Strand breaks (Comet)

Dellinger et al.. 2001

PM. ROFA

Bronchial epithelial cells

8-OHd(i

Prahalad et a l . 2001

PM

Bronchial epithelial cells

SCE

Hombergetal. 1998

Bacteria (Ames test)

Mutations

Buschinietal.. 2001

f /•'(««• urn/ I'utirn'.

PM
f>M.« .VM.V/H7I.V/OM.S/

iw Hiimr cvfrut'taj

PM

ROFA tusulu.il oil tl\ ashos). SCE (sister chnxnaiide exchanges).

Metals, especially iron, which are abundantlx present in particles such as coal fly
ashes and PM. and also as (minor) impurities in quart/ have been shown to pla> an important
role in the ability of these particles to induce ROS (Donaldson et al.. 1997; Van Maanen et al..
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1999). Consequently, this process has been recognised as a contributing factor in DNA
damage caused by metal containing dusts. Regarding PM. it should be noted that the
composition varies with the particle size fraction. As a consequence, it has been demonstrated
that the ability of PM-extracts to induce direct genotoxicity was indeed related to the size
fraction used (Homberg et al.. 1998; Bushini et al., 2001). An additional and potentially
important mechanism of genotoxicity is contained in the observation that many environmental
particles have the ability to increase the transport of surface-adsorbed carcinogens into the
peripheral lung. This mechanism of particle-associated carcinogens (PA('s) is considered to
play an important role in the genotoxic effects caused by diesel exhaust and PM. One
important group of genotoxic compounds regularly adsorbed onto such a particles are
polycyclic aromatic hydrocarbons (PAH's). Using organic extractions of particles it has been
indicated that these compounds play an important role in PM-mediated genotoxicity
(Seemayer et al., 1994; Homberg et al., 1998; Hsiao et al., 2000; Bushini et al.. 2001). More
specifically, the genotoxic and carcinogenic activity of PAH's can be attributed to the
formation of DNA adduets by reactive PAH metabolites (Hall and Cirover, 1990). However,
the question raises whether adsorbed PAH's are really bioavailable in />» vivo biological
systems (Greim et al., 2001). With this respect, studies with diesel and carbon black have
shown negative outcomes (Gallagher et al., 1994).

1.4 Link between inflammation and carcinogenesis
It is generally accepted that chronic inflammation is closely associated with a variety of
malignancies (Weitzman and Gordon, 1990). These initial clinical observations have led to a
plethora of studies investigating the possible mechanisms by which inflammation could be
involved in tumour formation. The discovery in the 1960s that inflammatory phagocytes
generate large amounts of ROS has provided a plausible basis lor (he association of
inflammation and carcinogenesis: ROS released by inflammatory cells might cause injury to
target cells, thereby inducing a large number of processes possibly involved in tumour
development (Figure 5).

Whereas ROS might be involved in various carcinogenic processes (Figure 5), numerous
studies investigating the link between inflammation and carcinogenesis have focusscd on
ROS-induced genotoxic effects. As shown in fable 4, several genotoxic properties of
inflammatory phagocyte-derived ROS/RNS have been investigated, including DNA damage,
DNA mutations, and chromosomal abberations. The first observation of phagocyte-induced
genotoxicity and the crucial role of ROS herein was described by Weitzman and Stosscl in
1981. who found that the ability of peripheral blood leukocytes to induce mutations in
bacteria was markedly attenuated when cells were used from a patient with chronic
granulomatous disease (CGD). In CGD, neutrophils have a defect in the NADPH-oxidascmediated generation of O;'\ and are thus unable to generate ROS. The first study on
genotoxic effects in mammalian cells was published in 1983 by Weitberg et al., describing
leukocyte-induced sister chromatide exchanges in hamster ovary cells. Further studies from
Weitzman and Stossel (1984) on induction of mutations, ultimately led to a publication from
the same group on the development of tumours in athymic mice injected with fibroblasts,
which were previously exposed to activated human neutrophils (Weitzman ct al., 1985). From
then, mechanisms were further elucidated by the discovery of DNA base damage induced by
neutrophils, first in naked DNA (Frenkel and Chrzan, 1987; Jackson et al., 1989), and later
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also in target cellular DNA (Dizdaroglu et al., 1993). At the same time neutrophils and
macrophages were also found to induce target cellular DNA strand breakage (Schraufstätter et
al., 1988; C'hong et al., 1989). A further crucial study, especially with regard to particleinduced tumorigcncsis, was from Driscoll et al. (1997a), who directly demonstrated that
neutrophils, obtained by BAL of particle-exposed rats, were mutagenic to alveolar epithelial
cells /« W/ru.
ROS and RNS
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The specific role of ROS in phagocyte-induced genotoxicity was initially confirmed using
various specific antioxidants (Weit/man and Stossel, 1982; Weitberg et al., 1985). This
approach, and more specifically, the use of catalasc. has led to the discovery of hydrogen
peroxide as the major ROS mediating genotoxic processes induced by activated phagocytes
(Lewis mid Adams. 1987; Schraufstätter et al.. 1988; Shacter et al.. 1988). Indeed, using
various target cells IH v/Vro, it was shown that hydrogen peroxide was able to induce base
damage and strand breakage in nuclear DNA (Schraufstätter et al., 1988; McDonald et al.,
1993; Spencer et al., 1995). Based on the specific DNA base modifications as detected in
target cells exposed to reagent H;O: or activated neutrophils, it is now hypothesised that H:O;
acts as a progenitor of the hydroxyl radical, which ultimately attacks DNA (Schraufstätter et
al., 1988; Jackson et al.. 1989; Dizdaroglu et al.. 1993; Spencer et al., 1995).

30

CHAPTER 1

Table 4. Chronological overview of in vi/ro studies reporting genotoxic propenies of inflammatory phagocytes.
Reference
Genotoxic endpoint
Target
Inflammatory
Phagocytes
Neutrophils
Monocytes

Salmonella

Mutations

Weitzman and Stossel, 1981

Neutrophils

Photobact. Fischen

Mutations

Barak et al.. 1983

Leukocytes

Chinese hamster
ovary cells

Sister-chromatid exchanges

Weitberg et a l . 1983

Macrophages

Salmonella

Mutations

Fulton et al.. 1984

Neutrophils

Chinese hamster
ovary cells

Mutations (HPKT)

Weitzman and Stossel, 1984

Neutrophils

Mouse fibroblasts

Malignant transformation

Weit/man el ul. 198*

Macrophages

Mouse mammary
tumour cell line

Mutations (HPKI)

Vamushinu ct u l , l''Kh

Neutrophils

Naked DNA

DNA base damage (thymidinc
glycol. 5-hydroxymethyl-2'-deoxyuridine)

Frenkel and Chrain, 1987

Neutrophils

E Coli

Mutations

De Togni ct ul. 1988

Neutroplasts
Neutrophils

Human lymphocytes Strand breaks and poly-ADP-ribose
polyniera.se activity

Neutrophils

Plasmacytoma cell
line

DNA strand breaks

Shacter et al., 1988

Macrophages

Mouse mammary
tumor cell line

DNA strand breaks

Chongetal . 1989

Neutrophils

Naked DNA

DNA base modifications

Jackson et a l . I9K9

Neutrophils

Tumour cells

DNA strand breaks

Shacter et al. 199«

Neutrophils

Human Ad293 cells

DNA base modifications

Dizdaroglu ct a l . 1993

Neutrophils

Mononuclear
leukocytes

DNA strand breaks

Van Staden et a l . 1993

Neutrophils

Human Ad293 cells

MuUtions (frequency and spectrum)

Akmanetal. 1996

Neutrophils
Macrophages

Alveolar epithelial
cells

Mutations (HPR1 gene)

Dmcoll el a l , 1997a

Neutrophils

Naked DNA

8-nitrodG

Byunetal. 1999

Neutrophils
Eosinophils

Naked DNA

8-OHdG

Shen et a l . 2000

Schraufstatter ct a l . 1988
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However, it is important to note that also other possible mechanisms of phagocyteinduced gcnotoxicity have been proposed. For instance. Lewis and Adams (1987), found that
macrophagcs, releasing both IM); and metabolites of arachidonic acid were more efficient in
inducing DNA damage than cells that only released H;O;. Alternatively, Gera and
Lichtenstein (1991) demonstrated that neutrophil-derived defensins were able to induce DNA
strand breaks in target cells. The possible role of neutrophil-derived products, other than
H:O;, is further illustrated by the observation that the mutational spectrum induced by
activated neutrophils was different from that induced by reagent H;O; (Akman et al., 1996).
Another important mechanism by which neutrophils can contribute to genotoxicity effect is
their ability to activate polycyclic aromatic hydrocarbons (PAH's) to a DNA binding
metabolite (Irush ct al., 1985; Kensler et al., 1987). For instance, using the same i« W/ro
model as will be described in Chapter 5, we demonstrated that activated neutrophils amplified
the formation of DNA adducts by ben/o[a]pyrene in epithelial lung target cells (Borm et al.,
1997). In such manner the genotoxic hazard of inhaled particle-associated PAH's could be
enhanced due to a concomitant inflammatory reaction.
/

/

^

>

-

aw«/

//»//i«' r«/

The rut has been identified as a sensitive species with regard to particle-induced lung tumour
formation. In these animals it was shown that chemical and physical differences between
vurious particles may not be significant factors in the lung tumour response, since patterns of
tumour formation were not associated with any inherent genotoxic activity of the particles
(Driscoll et al., 1996b). This suggests that there must be a common mechanism by which both
toxic (e.g. quart/, diesel soot) and non-toxic particles (e.g. titanium dioxide, carbon black)
induce carcinogcncsis in rats. In considering such a common mechanism it is currently
hypothesised (hat at high particle doses, the inflammatory cell influx into the lung is
accompanied by an activation of these cells to release enormous amounts of inflammatory
mediators, which overwhelm the regular pulmonary anti-inflammatory defence systems
((•renn el al., 2001). Especially the constant release of ROS by activated inflammatory cells is
thought to be a crucial event, since ROS may cause genotoxic effects in the lung epithelium
(Weit/nuin and Cordon, 1990). These genetic alterations, together with an increased target
cell proliferation are now considered to be crucial components in the particle-induced
carcinogenic response of the rat lung (Dungworth et al.. 1994; Driscoll et al., 1996b; Borm
and Driscoll. 1996; IARC 1997; Greim et al.. 2001). Thus, the inflammatory response as
observed in the rat provides a mechanism by which exposure to non-genotoxic particles can
cause genotoxicity in lung target cells. Importantly, such a mechanism of secondary
genotoxicity implies that genotoxicity and related carcinogenicity may not occur at exposure
concentrations that do not induce inflammation. Therefore, it is suggested that in rats a
threshold of particle-induced carcinogenicity may exist. This means that tumour formation is
only found at particle doses eliciting a certain minimal level of phagocyte influx with
associated ROS release at levels that overwhelm pulmonary antioxidant- and DNA repair
protection systems (Figure 6) (Borm and Driscoll, 19%; Driscoll, 1996b).

The inflammatory response in a particle-exposed rat is specifically characterised by an influx
of neutrophils into the lung. For instance, in addition to an overall increase in inflammatory
cells found in the BAl.-fluid, the percentage of neutrophils has been reported to increase from
3-4 %. in healthy non-exposed rats, up to levels above 50 °o after subchronic exposure to
particles such as quart/, carbon black or titanium dioxide. (Driscoll 1996a; Driscoll. 1997a;
Albrecht et al.. 2002; Duffin et al.. 2001; Höhr et al.. 2002). Regarding a role of neutrophils in
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particle-induced carcinogenesis, it has been shown that i/i vm> mutagenicity in alveolar type
II cells, isolated after particle exposure, was paralleled by a ncutrophilic inflammation
(Driscoll et al., 1996a; Driscoll et al., 1997a). In these studies, brochoalxeolar lax-age is used
to assess neutrophil influx into the lung. However, recent studies also found a relation
between lung tumour rates and interstitial neutrophils in rats exposed to high doses of
particles (Borm et al., 2000).
Non-innammalory lung
particle dose

Innamniainn lung
particle rime

Hhkraclnr«:
Particln« Inrkininnllo» *?

Particle exposure (dose)

Figure 6. Hypothetical relationship between lung particle dose and tumour response in rats. Dotted line •
hypothetical dose response for a particle that exhibits some inherent carcinogenic activity. Solid line »
hypothetical dose response for a particle that is not inherent carcinogenic. Al low doses the slope of the curve
will be dependent on the inherent carcinogenic activity of the particles. If a panicle does not possess any inherent
carcinogenic activity (as indicated by genoloxicity data), the slope at non-inflammatory doses will he zero and a
threshold will exist (solid line). At high, inflammatory doses, the lung tumour response will be dependent on
(genotoxic) effects of both particles and inflammatory cell derived oxidants and possible other factors, such as
increased cell proliferation. (Adapted from Driscoll. 1996b).

A further confirmation of the neutrophils' role was obtained by the observation that
BAL-derived neutrophils from quartz-exposed rats were mutagenic (IIPR'I) to alveolar type
II cells /n V//W, whereas no direct effect of quartz was found in the same system. Notably,
these i/i v/7ro effects of neutrophils were attenuated by the use of catalase, indicating the role
of neutrophil-derived H;O; (Driscoll et al., 1997a). In these studies, the capacity of alveolar
macrophages to induce et v/vo mutagcnesis was found to be significantly lower than that of
neutrophils. which is in line with observations describing an increased KOS generating
capacity of neutrophils compared to macrophages or monocytes (Kamp et al. 1994,1 laugen et
al., 1999, Prahalad et al., 1999). Further indications that neutrophils are indeed involved in
early stages of particle-induced carcinogenicity are found in studies showing that levels of 8OHdG in lungs of quartz-exposed rats were associated with the intensity of neutrophil influx
(Yamano et al., 1995; Nehls et al., 1997; Seiler et al., 2001).
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1.5 Aim and outline of the thesis
The mechanisms involved in particle-induced lung carcinogenesis seem complex and remain
largely to be elucidated. The concept of a common inflammation-driven mechanism involving
genotoxic processes and increased cell proliferation is mainly based on observations in rats,
whereas its role in other rodents, or humans is much less clear. Nevertheless, the ability of
particles to induce an inflammatory response hampers mechanistic research on particleinduced genotoxicity and necessitates the discrimination between primary (direct particleinduced) versus secondary (inflammation-induced) genotoxicity (Figure 7). However, there is
convincing evidence indicating a crucial role of KOS in primary as well as secondary particleinduced genotoxic processes. rAtve/ort', /At' rtvi/ra/ a//w o / /Ae /wroen/ /Aesis vww /o
//m'.v/;j»«/t' /«t'fAtiH/'.ww.v <>/ ÄfAS'-/>;r/Mav/ /.W.4 </c//mj#t' /« /M/J# /</r#<'/ ce//.v a/far /w/7/We
rr/>m«/r, </«</ /<; (7i«'u/(//t' /At' .v/><r///Y w/t' »/"nt'i//w/>Ai7.v Atrt'/'n. In the studies described in
this thesis we primarily focussed on epithelial cells lining the respiratory tract, since these are
considered to be a specific target for particle-induced carcinogenesis. Both />» Wm and //» w7ro
models were used. However, since current in wV« models are not well suited to distinguish
between primary and secondary particle-induced genotoxic effects, the ;>i W//71 models were
applicil to sort out specific mechanisms involved in either direct particle-induced or
neulrophil-induced DNA damage.
Two different particles are used in the present studies: I) crystalline silica (quartz) and
II) ambient paniculate air pollution (paniculate matter, PM). Based on culminating
epidemiologicul and (animal) experimental evidence, crystalline silica was recently classified
as a human lung carcinogen (Group I) by the International Agency for Research on Cancer
(IARC. IW7). Alternatively, recent epidemiological studies on effects of long-term exposure
to I'M. evaluating data of about 500.000 people, indicated that each 10 ug/m' elevation in fine
paniculate air pollution was associated with an approximate 8% increased risk of lung cancer
mortality (I'ope ct al.. 2002). However, although such data indicate that both particles have a
considerable impact on human carcinogenesis, the mechanisms of their action are still
unclear.
Particles

Inflammatory Phagocytes

Lung epithelium
Figure 7. Schematic overview of the thesis Particles can either directlv (\ia I. "pnmar> genotoxicitv'). or
imlircctlv (\ia II. 'sccondan gcnoto\icit>') n>ducc DNA damage in lung epithelial large! cells The different
pathvvavs and mechanism involved are discussed in the rvspectiv e charHers as indicated in the figure
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Silicon is one of the most abundant chemical elements in the earth's cnist, accounting for
about 30% of its total mass. Silica (chemical name: silicon dioxide), can exist in two major
forms: a crystalline and an amorphous form. The overwhelming majority of natural crystalline
silica exist as a-quartz. It is abundant in most rock types, sands and soils. In the studies
described in the present thesis. IX? 12 quartz was used as it is a highly reactive quartz. Its
particle size is < 5 urn and it contains 87% crystalline silica, the remainder being mainly
amorphous silica. DQ12 has been described and provided by Robock et al. (1973), and has
been ground from a geological source in Dörentrup. Germany. Silicon-oxygen tetrahedra
(SiOa) are the basic units of crystalline silica, in which the 3-dimensional framework is
determined by regular arrangement of the tetrahedra. Silica is rather poorly soluble in water,
which is especially true for the crystalline form. Quartz is a major component of soils,
composing about 90% of all sand fractions in a soil. Most silica in commercial use is obtained
from natural occurring sources. Silica sand has been used for many different purposes, such as
in the manufacturing of glass. Quartz crystals, such as can be found in mines in Brazil, are
used in electronic and optical industries.
Because of the extensive natural occurrence of crystalline silica and its wide use,
workers may be exposed to crystalline silica in a large number of industries (e.g. mines,
foundries, cement and glass industries) and occupations (e.g. constructors, sand blasters,
farmers). The severity of its health effects and the widespread nature of exposure have been
recognised for a long time. In subjects chronically exposed to silica, silicosis may develop,
which may develop into progressive massive fibrosis. Additionally, many other nonneoplastic pulmonary effects have been observed in humans exposed to crystalline silica,
including inflammation, emphysema, and airway obstruction (IARC. 1997). Moreover,
epidemiological and animal studies have led to the classification of crystalline silica from
occupational sources as a human lung carcinogen (Group I) by the International Agency for
Research on Cancer (IARC, 1997). Importantly however, in their overall evaluation the
Working group noted that "carcinogenicity in humans was not detected in all industrial
circumstances studied". Therefore, it was stated that "carcinogenicity of crystalline silica was
dependent on its inherent characteristics and on factors affecting its ultimate biological
activity".

Ambient particulate air pollution, generally described as paniculate matter (PM) is a complex
mixture of solid particles and liquid droplets that may vary in mass, size and composition,
depending on sources and weather conditions. With respect to size, PM can be divided into
three fractions (See also Chapter 1.1.1). The 'coarse' fraction represents the large inhalable
particles ranging from 1 to 10 urn and generally consists of particles mainly derived from soil
and other material from mechanical processes, such as drilling, crushing and grinding. The
'fine' particle fractions (0.1-2.5 urn) contains a mixture of particles including carbonaceous
material, like soot (with adsorbed compounds such as metals and organic compounds), acid
condensates and nitrate particles. This fraction is mainly derived from fossil fuel combustion
(automobile engines, power plants, industry). The 'ultrafine' fraction (0.001-0.1 urn) is
primarily derived from automobile engine exhaust (diesel and otto types). PM is comprised,
in terms of particle numbers by a large part of ultrafines. Using rats it has been well
demonstrated that per given mass, ultrafine particles are more toxic than fine particles, mainly
due to their capacity to elicit a greater inflammatory response (Oberdörster, 2001). Moreover,
the high reactivity of the ultrafine PM fraction could also be attributed to the large surface
area provided by these particles, which allows large amounts of environmentally substances
and pollutants to be adsorbed to the particle surface. In that way the (ultrafine) carbon particle
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core of PM may act as a 'carrier' of carcinogens and other (soluble) toxic compounds,
including polycyclic aromatic hydrocarbons, metals, sulfates, nitrates, endotoxins, pollen
fragments, and acids.
Numerous epidcmiological studies have shown a statistical association between
elevations in ambient levels of paniculate matter (PM) and increased morbidity and mortality
among the general population. For instance, inhalation of (fine) PM at elevated levels has
been associated with increased asthmatic episodes, increased hospital admissions due to
respiratory problems, increased prevalence of bronchitis and emphysema, and increased
mortality due to cardiopulmonary diseases (Dockery et al.. 1993; Schwartz et al., 1999; Peters
ct al., 2000, Pope ct al., 2002). Especially the relation between PM exposure and acute
cardiovascular disease is intriguing and various groups started working to set out the
biological mechanism of this effect, lor instance, in studies not further described in the
present thesis we described an acute effect of PM on the contractability of rat aortic rings
(Knaapcn ct al., 2001), whereas others focussed on effects of PM on atherosclerosis, blood
coagulability and autonomic nervous control of the heart (Seaton et al., 1995; Godleski et al.,
2000; Suwa et al.. 2(M)2). In addition to these more or less acute effects, PM exposure has also
been related to chronic effects including cancer (Cohen and Pope. 1995; Pope et al., 2002).
Until now, research on possible carcinogenic effects of PM was mainly focussed on the (m
v//ro) genotoxicity of adsorbed organic components. However, no chronic (animal) studies
huve yet been performed to study the carcinogenic effects of PM more closely. As a
consequence, the mechanisms of PM-induced carcinogenicity remain unclear. Anyhow, due
to its close relation with mortality and morbidity, in Europe the Air Quality Limit Values have
been proposed. Hccausc only particles with a size smaller than 10 urn are considered to be
inhukiblc. these standards apply to the mass concentrations of particles with aerodynamic
diameters lower than and 10 urn (PM,»). In Europe, the annual mean limit value for PM,o is
currently as low as 40 ug/m\
Notably, from the descriptions above it can be concluded that quartz and PM are
totally different types of particles. Adverse health effects induced by quartz exposure are
mainly associated with occupational settings. PM-related disease on the other hand, is a
typical environmental problem, since the associations between PM exposure and disease are
observed even after controlling for smoking, occupational exposure and various other
(individual) risk factors. Furthermore, it should be noted that possible carcinogenic effects
represent only a small part of the large number of different adverse healh effects associated
with both PM and quart/ exposure.

In the Chapters 2-4 the capacity and mechanism of both PM and quartz to induce direct,
inflammatory cell-independent DNA damage in epithelial lung cells /« v/'/ro is described.
Moreover, in these chapters the capacity of both particles to induce DNA damage will be
related to their respective (acellular) KOS-gcneraling properties. Special emphasis is put on
the role of transition metals and particle surface reactivity.
In rats, it has been demonstrated that neutrophils were more potent to induce ROSmediated nnitagenicity in epithelial lung cells than macrophages (Dnscoll et al.. 1997a). This
is in line with data showing that the amount of ROS released by neutrophils upon stimulation
with \anous soluble and particulatc stimuli, including phorbol esters. PM and asbestos,
largely exceeds that of macrophages and monocytes (Kamp et al. 1994. Haugen et al.. 1999.
Prahalad et al.. 1999). Together with the fact that neutrophils represent about 50°o of the
inflammatory cells found in bronchoaU color lavage after high doses of particles, their

CHAPTER;

extensive ROS-generating capacity obviously makes them the major effector cell in
secondary genotoxic processes in the rat.
In Chapter 5 and 6 studies investigating the ability and mechanism of nculrophils to
induce DNA damage in lung epithelial cells are described. Therefore, a coincubation model of
neutrophils and rat type II epithelial cells was developed (Chapter 5). Moreover, to extend our
in vi/ro observations j'n vivo, the nose is applied as an easily accessible part of the respiratory
tract to investigate neutrophil-related DNA damage in human respiratory tract epithelial colls
(Chapter 6).
In Chapter 7 the interplay of particles and inflammatory cells in the induction of
epithelial DNA damage is studied in rats intratrachcally instilled with crystalline silica
(quartz). Moreover, the role of the reactive particle surface of quartz is assessed using specific
surface coatings. Finally, in Chapter 8 the findings arc summarised and put in u general
perspective on particle genotoxicity.
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Chapter 2
Ambient particulate matter induces oxidative
DNA damage in lung epithelial cells

Ad M Knaapen', Roel PF Schins'. Yvonne Steinfartz'. Doris Hflhr',
Lothar Dunemann". Paul JA Borm'
'Department of Fibre & Particle Toxicology and 'Department of Analytical chemistry.
Medical Institute of Environmental Hygiene. Auf "m Hennekamp 50,
40225 Düsseldorf. Germany

Abstract
Although epidemiological studies have established a correlation between PM|« levels and
acute cardiovascular and respiratory complications, hardly any data is available on possible
chronic effects such as cancer. The purpose of this study was to investigate the production of
free radicals by ambient particulate matter (PM) and to link these data to oxidative DNAdamage in lung epithelial cells. In line with previous findings on PMm, supcrcoiled plasmid
DNA was depleted by PM as well as PM supernatant (p^O.001) and this effect was reduced in
the presence of mannitol (5 raM). Using electron spin resonance (HSR) and the spin-trap
DMPO we were able to show that hydroxyl radicals ("OH) are generated by both PM
suspensions and -supematants. The DMPO-OH signal was completely abrogated when PM
was pre-incubated with deferoxamine (5 mM), indicating the importance of soluble iron in
this process. Indeed, AAS analysis of the PM supernatant showed the presence of soluble Fe,
V and Ni (respectively 253.0, 14.7, and 76.0 (ig/g insoluble PM). To investigate the biological
significance of 'OH-formation by PM, 8-hydroxydeoxyguanosine (8-OHdG) was measured in
a rat type II cell line by immunocytochemistry. The formation of this hydroxyl radicalspecific DNA adduet was increased 2 fold (p<0.01) after incubation with PM-supernatants
and this effect was inhibited by deferoxamine (p<0.01). In summary, our data provide direct
evidence that ambient particulate matter generates hydroxyl radicals in accllular systems.
Furthermore, we showed that these particulates induce the hydroxyl radical-specific DNA
lesion 8-OHdG in lung target cells via an iron-mediated mechanism.

ifasa/on: Inhalation Toxicology 12 (suppl 3): 125-132, 2000.

49

PMINIXJCfcüUNA OAMAÜt IN LUNGfcPI1)111 IAI f T I J S

Introduction
Ambient paniculate matter (PM) exposure levels are correlated with the incidence of acute
mortality and morbidity due to cardiovascular or pulmonary complications (Pope et al., I99S).
PM is a complex mixture of aggregates of organic and inorganic compounds such as
carbonaceous material, polyaromatic hydrocarbons, metals, salts and endotoxins. Although
several of these constituents, such as polyaromatic hydrocarbons or metals, have the capacity
to contribute to genetic damage, few studies concentrate on PM-induced genotoxicity.
Hydroxyl radicals generated by PM are hypothesised to play an important role in PM-induced
effects (Donaldson et al.. 1997). and can be generated during the transition metal-catalysed
Fcnton reaction (llulliwcll ct al., 1989). Indeed, iron and other transition metals such as Cu
and Ni are present in PM and seem to be related to many of its effects (Costa et al., 1997). In
previous studies using coal fly ashes we and others showed that iron mobilisation was
correlated with the production of hydroxyl radicals and genotoxicity in rat type II cells (van
Mannen et al., 1999). However, no direct evidence is available for hydroxyl radical generation
by PM. We hypothesised that PM-dcrived iron is involved in the induction of structural
genetic damage in lung target cells, via its ability to catalyse the formation of hydroxyl
radicals. Additionally, we tested the hypothesis that the radical generating capacity of PM is
mainly located in a fraction that is not centrifugeable. Therefore, we investigated the
generation of hydroxyl radicals ("OH) by total suspended paniculate matter (PM) using
electron spin resonance (ESR). Furthermore, we determined the induction of the hydroxyl
radical-specific DNA lesion 8-hydroxydeoxyguanosine (8-()HdG) in rat type II epithelial
cells, the target cell from which particle-related tumours are thought to be derived.
Malt-rial* and Methods

Albumin. Deferoxamine mesylate. Diaminobenzidine-tetrahydrochloride (DAB), 5,5dimcthyl-l-pyrroline-n-oxide (DMPO). Hanks" balanced salt solution (HBSS), Ethidium
bromide. Ham's FI2 medium, llepcs buffer. Fetal calf serum, Mannitol, 3-(4,5dimethylthia/.ol-2-yl)-2.5-diphenyltetrazolium bromide (MTT). Phosphate buffered saline
(PBS) and Trypsin FDTA, were obtained from Sigma (St. Louis. MO). Hydrogen peroxide
(M;l);) was purchased from Fluka (Germany) and RNAse was obtained from Boehringer
(Mannheim, Germany). <t>X 174RF-DNA was purchased from Life Technologies (The
Netherlands). For HSR experiments dcionized water was used (Millipore).
/Vty*ir<i/«)M < W rVkir<jrft»ri.vci/iwi « ^

PM was sampled in Duisburg Germany. (March 1995) on nitrocellulose filters (Pore size: 3
(im, Sartorius, Germany) using a high volume sampler (UN'S 150. Strohlein Instruments,
Germany). Duisburg is a highly industrialised city and is a center of iron, steel and coke
production. To prepare PM suspensions. 45 cm" filter cuts were immersed in HBSS, vortexed
and sonicated (5 minutes) to release the particles from the filter. A blank filter was treated the
same way and was used as a control in all experiments. The particle mass concentration of
each preparation was estimated by filtering 500 ul of the suspension through a 0.2 urn filter
and weighing the filter after drying. Although some of the PM is water-soluble this method
was used to prepare suspensions with equal particle concentrations for all experiments. In
some experiments. PM suspensions were centnfuged for 5 minutes at 10.000 g to obtain a
clear supernatant (PM-sup). Particles in suspension or present in the supernatant were
visualised using Scanning Transmission Electronic Microscopy (STEM. Philips CM 12). The

SO
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inorganic elemental surface chemistry of both preparations was identified using Energy
dispersive X-ray analysis (EDX).
assay
To investigate the free radical-generating capacity. 0.7 ug of PM or its Mi|H-matant were
incubated with 0.67 ug 4>X174RF-DNA for 4 hrs at 37%', as described b> Donaldson et ul..
(1997). Subsequently, supercoiled. relaxed and linear DNA fragments were separated by
electrophoresis on a 0.6% agarose gel (12V, 18 hrs). The DNA was stained with ethidium
bromide, visualised with UV light and subsequently quantified by scanning laser
densitometry-analysis. The percentage of supercoiled UNA was calculated as a fraction of
total DNA per lane and was expressed as % of control.
//vt/rarv/ /W/ca/ #€'nt'ra//o« Ay
PM suspensions in PBS (3 mg/ml) were incubated for 3 hrs at 37"C with or without
deferoxamine (5 mM). Generation of hydroxyl radicals by PM was studied in the presence of
hydrogen peroxide and the spintrap DMPO. Briefly, 50 ul of the particle suspension or PMsup was mixed with 50 ul H;O; (0.5 M in PBS), and 100 ul DMPO (0.05 M in water). The
mixture was incubated and shaken continuously for 15 min. at 37%' and subsequently filtered
through a 0.2 urn filter (Sartorius). The clear filtrate was transferred to a 100 pi glass capillary
and was measured with a Miniscope ESR spectrometer (Magnettech, Berlin, Germany). As a
negative control a mixture of water (or deferoxamine solution), H_<O: and DMPO was used.
The ESR-spectra were recorded at room temperature using the following instrumental
conditions: Magnetic field: 3360 G, sweep width: 100 G. scan time: 30 sec, number ol scans:
3, modulation amplitude: 1.975 G, reciever gain: 10 , time-constant: 0.00.
£x/xwwre q/Ye/As to

The immortalised rat lung epithelial cell line RLE was used (Driscoll et al., 1995). Cells
(passage 40-50) were seeded in 4-Chamber Culture slides (Falcon). At 80% conlluency,
medium was discarded, cells were washed with HBSS and PM-sup was added at a
concentration equivalent to a particle concentration of 0.5 mg/ml. Cells were incubated for 4h
at 37°C. In some experiments deferoxamine (1 mM), an iron chclator, was used. The
cytotoxicity of PM-sup and deferoxamine was tested by the MIT colorimetric assay
according to Mosmann (1983) and was described previously (Borm et al., 1997).

After incubation, chambers were removed and slides containing the cells were washed in
PBS. 8-OHdG was determined using an immunocytochemical method (Knaapen et al., 1999)
with slight modifications. Cells were fixed in 100% acetone (5 min., -20"C), and 8-OHdG was
detected using a monoclonal antibody (N45.1. Toyokuni et al., 1997). Subsequently, staining
was developed using an ABC kit (Vectastain, Vector Laboratories, USA) with DAB as
substrate. Slides were dehydrated and mounted using Depex (Boehringer. Germany). Staining
of 8-OHdG was visualised and quantification of 8-OHdG was done using a software analysis
system (Soft Imaging System). Briefly, of each sample three pictures containing a total
number of at least 1.000 cells were made at 10x5 magnification and the total staining intensity
of the cells present on the photographs was measured and divided by the total number of
counted cells. The relative staining intensity was expressed as % of control.
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Result!

Analysis of the clear supernatant obtained after centnfugation (10,000 g, 5 min) indicated the
presence of agglomerates of ultrafinc particles (Figure I). A blank filter was treated the same
way and cellulose polymers were observed in the supernatant. F.DX analysis of the elemental
content of the large (centrifugeable) particle agglomerates showed an elemental profile which
was characterised by S, ( a , ( r , Zn. and Fe with Fe being the predominant element. Analysis
of the (ultrafinc) particles present in the supernatant showed a totally different profile: only
minor traces of Fc were detectable and compared with the centrifugeable particles, C'a was the
most predominant clement in the particles present is this fraction (data not shown). The
supernutant obtained after centrifugation was analysed for the presence of soluble metals
using AAS and Fc (253 ug/g). V (14.7 ug/g) and Ni (76.0 ug/g insoluble PM) were detected.

Ki|(urr I. Micrograph «I panicles present in the PM supernatant. PM
suspensions I' mg ml) »ere cenlrituged lor 5 min at 10.000 g and 100
|il ol the supernatant »as used lor anahsis b\ Scanning Transmission
electronic microscop\

Both PM and PM-sup induced a significant and similar depletion of supercoiled DNA
(pvO.(H)l). lk'pletion of supercoiled plasmid DNA by PM-sup was inhibited with 60% by
addition of the hydroxyl radical scavenger mannitol (5mM) (pO.001). suggesting a role for
these reactive oxygen species (ROS) in the DNA-damaging effect of PM (Figure 2). A blank
filter was analysed in the same way and showed no free radical activity. Because the plasmid
assay only indirectly indicates the role ol hydroxyl radicals. HSR analysis was used to further
identify PM-generated hydroxyl radicals in solution. Figure 3 shows representative ESR
signals and clearly indicates that, in the presence of H;O: and the spintrap DMPO. hydroxyl
radicals were generated at the same level by PM as well as PM-sup. In order to investigate the
role of iron in this process, deferoxamine (5 mM) was added. This resulted in a total
abrogation of the DMPO-OH signal (Figure 3).
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Figure .V Representative D M P O - O H signals o f A ) P M supcrnalant. It) P M particle suspension a n d ( I P M supernatant
incubated with d e f e r o x a m i n c (5 m M . 3 hrs) I S R spectra » e r e recorded afier co-incubating ( | S rnin. 1 7 " ( ) SO ul particle
suspension or supernatant with s o ul H.-O- (OS M ) a n d 100 ul D M P O 1 0 OS M ) .

To evaluate cellular oxidative DNA damage. RLE cells were exposed to PM-sup for 4 hrs and
8-OHdG was analysed on a single cell level using an immunohistochemical staining. As
shown in Figure 4, 8-OHdG levels were increased more than 2-fold as compared to control
incubations (209%. p<0.01). To determine the role of soluble iron, RLK cells were incubated
under the same conditions in the presence of the iron chelator deferoxamine (I mM). This
resulted in a significant reduction of 8-OHdG levels (130% of controls compared to 209% for
PM without deferoxamine, p<0.01). Deferoxamine alone had no significant effect on the 8OHdG levels in RLE cells.
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In this study we showed that the highly reactive hydroxyl radical is generated by particulate
matter (PM) and that this radical activity was mainly present in the fraction that was not
centrifugeuhle. We also showed that this fraction induced significant oxidative DNA damage
in lung type II cells. Both the production of hydroxyl radicals and the induction of the 'OHspccific DNA lesion 8-OHd(i were iron dependent since it could be blocked by adding the
iron chelator deferoxamine. Many of the biological effects of PM are thought to be ROSrelated (Seaton et al.. 1995). However, hardly any studies have been reported that investigated
the role ol'ROS in oxidative DNA damage induced by PM.
Previously, we evaluated the induction of 8-OHdG in RLE cells by
immunocytochemical analysis (ICC) as well as by quantitative HPLC (Knaapen et al., 1999).
In the present study we used the semi-quantitative ICC, which allowed the use of small
sample amounts (< I mg). usually obtained in ambient air sampling. Since both oxidative
DNA damage and l!SR-dctected hydroxyl radical formation were reduced by deferoxamine.
we suggest that soluble iron is responsible for these effects. Previous studies on PM (Gilmour
et al.. 1996; Smith et al.. 1997) and coal fly ashes (van Maanen et al.. 1999; Smith et al.,
1998) have described iron release from small particles and linked these events to intracellular
territin induction. We hvpothesise that the iron binding capacity of target cells is
overwhelmed during PM exposure. Together with the induction of oxidative stress in the cell
this may lead to a local l-'enton-driven formation of the reactive OH-radical. However,
although hvdroxvl radical formation and DNA damage seem to be mainly mediated by
soluble iron, a role of ultrafine particles still present in the PM-sup cannot be excluded. We
demonstrated that these uncentnfugeable particles were low in iron, but they still might
contribute to cellular events such as oxidative stress (Donaldson et al.. 1998). Further animal
or epidemiological studies are needed to investigate whether PM really poses a genotoxic risk
following inhalation.
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Chapter 3
Soluble metals as well as the insoluble particle fraction are
involved in cellular DNA damage induced by particulate matter

Ad M Knaapen, Tingming Shi. Paul JA Borm, Roel PF Schins
Department of Fibre & Panicle Toxicology. Medical Institute of Environmental Hygiene.
Aufm Hennekamp 50, 40225 Düsseldorf. Germany

Abstract
Exposure to ambient particulate matter has been reported to be associated with increased rates
of lung cancer. Previously we showed that total suspended particulate matter (PM) induces
oxidative DNA damage in epithelial lung cells. The aim of the present study was to further
investigate the mechanism of PM-induced DNA damage in which soluble iron-mediated
hydroxyl radical ("OH) formation is thought to play a crucial role. Using electron spin
resonance (ESR) we showed that PM suspensions as well as their particle-free, water-soluble
fractions can generate 'OH in the presence of hydrogen peroxide (H:O:), an effect which was
abrogated by both deferoxamine and catalase. In addition, PM was also found to induce the
'OH-specific DNA lesion 8-hydroxydeoxyguanosine (8-OlldG) in the presence of H.O; as
assessed by dot-blot analysis of calf thymus DNA using an 8-OlldCi antibody. In human
alveolar epithelial cells (A549), both PM suspensions and the particle-free soluble fraction
elicited the formation of DNA strand breaks (comet-assay). Unlike the accllular DNA assays,
in epithelial cells the DNA-damaging capacity of the particle suspensions appeared to be
stronger than that of their corresponding particle-free supernatants. In conclusion, our
findings demonstrate that the water-soluble fraction of PM elicits DNA damage via transition
metal-dependent 'OH formation, implicating an important role of H^O;. Moreover, our data
suggest that direct 'particle' effects contribute to the genotoxic hazard of ambient paniculate
matter in lung target cells.

Äas«/«n: Molecular and Cellular Biochemistry 234/235: 317-326, 2002.
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Introduction
Epidemiological studies have demonstrated a significant association between exposures to
ambient paniculate matter (PM) and the incidence of acute mortality and morbidity due to
cardiovascular or pulmonary complications [1.2]. Additionally. PM has also been associated
with increased rates of lung cancer [2,3]. However, the mechanism of PM-induced
carcinogcncsis is not clear. PM is a complex mixture of aggregates of organic and inorganic
compounds such as carbonaceous material, polyaromatic hydrocarbons, metals, salts and
endotoxins. Studies investigating the possible mechanisms of carcinogenicity induced by PM,
have mainly focused on its genotoxic properties. For instance, several studies concentrated on
the role of organic cxtractablc mutagens such as PAH's [e.g. 4-6], whereas others investigated
the genotoxic effects of transition metals because of their specific relation with respiratory
tract curcmogcncsis |7|.
Apart from the genotoxic effects of several individual PM constituents, it is now
generally accepted that the ability of PM to generate reactive oxygen species (RC)S) plays a
pivotal role in PM-induced adverse health effects [8-111. For instance, we and others have
demonstrated a clear relation between PM-induced DNA damage and its ability to generate
ROS 112-I4|. Among these ROS. the hydroxyl radical ('OH) is of greatest concern, because it
iA .i i/t(,i7rj- .catti7tw«vl«o/r<,Mr>KiiJi'- p n « c i r v
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common way for hydroxyl radicals to be generated is via the Fenton reaction, which involves
the reduction of hydrogen peroxide by u transition metal ion [16,17], Transition metals such
;is Fe and C'u are abundantly present in PM [ IK], and have been shown to be potent inducers
of oxidative DNA damage [19-21]. Indeed, previously we showed that induction of the 'OHspocilic DNA lesion S-hydroxydeoxyguanosine (8-OHdG) by PM or coal fly ash was clearly
related to the ability of these particles to generate 'OH via an iron-dependent Fenton reaction
122.12].
However, studies investigating genotoxic effects of water-soluble factors, such as
transition metals, fail to evaluate PM as an entirety and thus fail to evaluate possible effects of
the insoluble paniculate fraction. PM is known to be comprised mostly, in terms of particle
numbers, of ultrafinc particles ( 1 0 0 nm). and it is this ultrafine fraction which is reported to
play a major role in the observed association between PM exposure and adverse health effects
|2*.24|. Although poorly soluble particles such as quartz and carbon black have been shown
to cause DNA damage [25-27], the specific role of the insoluble particle fraction in the
genotoxicity of PM is still poorly described. Therefore, the aim of the present study was to
expand our earlier work and to investigate the mechanism of PM-induced oxidative DNA
damage more closely. More specifically, we hypothesise that the insoluble particle core
contributes to a previously described mechanism of PM-induced DNA damage in which
soluble iron-dependent 'Oil formation is thought to play a central role [12]. Therefore, we
investigated the ability of both the water-soluble and insoluble fractions of PM to induce 'OH
and whether these were able to induce the "Oil-specific DNA lesion 8-OHdG in naked DNA
upon direct exposure to PM. l o investigate the implications of these observations for cellular
DNA. human lung epithelial cells were exposed to PM and DNA-strand breakage was
analysed on a single cell level using the comet assay.
Materials anil Methods
('/h-mirci/.v
Albumin, defcroxamine mesylate (DFO). diaminoben/idine-tetrahydrochloride (DAB). 5.5dimetlnl-l-pyrroline-n-oxide (DMPO). Hanks" balanced salt solution (HBSS). ethidium
bromide. Dulbecco's modified eagle's medium (DMKM). Hopes buffer, fetal calf serum.
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horse radish peroxidase, phenol red. phosphate buffered saline (PBS), phorbol myristate
acetate (PMA), and trypsin'KDTA. were obtained from Sigma (St. l.ouis, MO). Hydrogen
peroxide (H;O;) was purchased from Fluka (Seelze. Germany). Catalase was obtained from
Roche (Mannheim. Germany). Calf thymus DNA and RNAse were obtained from Hochringer
(Mannheim, Germany). For electron spin resonance experiments deioniscd water was used
(Millipore).
/Vtyxwa//ow ««</ rAarar/i'ri.vafKw o/'PA/
PM was sampled in Duisburg Germany (1993-1995) on nitrocellulose filters (Pore size: 3 urn,
Sartorius; Göttingen. Germany) using a high volume sampler (HVS 150, Strohlein
Instruments, Germany). PM suspensions were prepared by cutting 45 cm" of the filter,
immersed in deionised water (5 ml), shaking (5 min) and subsequently sonication in a
waterbath (Sonorex TK52; 60 Wan, 35 kHz. 5 min). Because the obtained particle suspension
was partly contaminated by small filter fibres (5-10 % on mass basis) a blank filter was
treated the same way and was used as a control in all experiments. The final particle
concentration of both PM and blank filter preparations was estimated by comparative
turbidometry at 405 nm using carbon black as a standard (Huber 990, 260 nm). Although part
of the PM is water-soluble this method was used to prepare suspensions with equal particle
concentrations for all experiments. Previous comparative experiments using gravimetric
analysis of PM before and after filter extraction confirmed the correlation between
turbidometry and gravimetric analysis. To obtain supernatants, the PM suspensions were
centrifuged for 5 minutes at 13,000 g. Because our previous work demonstrated that the
supernatant still contained ultrafine particles |I2), in some experiments PM suspensions were
also filtered through a 0.1 urn filter (Acrodisc 25 mm syringe filter. Pall Gelman Laboratory,
Ann Arbor, USA). No ultrafine particles were observed in these filtrates (Data not shown).
Particles were visualised using Scanning/Transmission Electron Microscopy (STEM, Philips
CM 12). Energy dispersive X-ray analysis (EDX) of the elemental content of the large
(centrifugeable) particle agglomerates present in the suspension showed an elemental profile
which was characterised by S, Ca, Cr, Zn, and Fe. The predominant element in the sample
was Fe. The soluble fraction of PM was analysed for the presence of soluble metals using
atomic absorption spectrometry (AAS) and Fe (253 ug/g), V (14.7 ug/g) and Ni (76.0 ug/g
insoluble PM) were detected. Although total suspended paniculate matter, used in the present
study contains non-respirable particles, approximately 70% of PM is reported to consist of
respirable particles [28]. Further details have been previously described [ 121.
A/«wwremewf o/Aw/rorv/ ra</ica/.v M.V/'MJ? e/«7r»« .V/J/W re.wwa/ic^
Generation of'OH by PM-preparations was investigated in the presence of hydrogen peroxide
and the spin trap 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) [29], Prior to use. the spin trap
was purified with active coal.Therefore. DMPO was dissolved in deionised water and active
coal was added (30 mg/ml). The suspension was shaken continuously, incubated for 20 min.
at 35°C, and subsequently centrifuged (2000 g, 10 min). This procedure was repeated once
and the clear supernatant was filtered (0.45 urn). The final DMPO concentration was
measured using spectrophotometry (234 nm), and aliquots were stored at -20"C. for DMPOOH measurement. 50 ul of the PM suspension (2 mg/ml), its supernatant, or their respective
filtrates (0.1 nm) were mixed with 100 ul DMPO (0.05 M in PBS). The reaction was started
by addition of H:O; (50 ul of 0.5 M in PBS). The mixture was incubated and shaken
continuously for 10 min. at 37°C and subsequently filtered through a 0.1 urn filter. The clear
filtrate was then transferred to a 100 ul glass capillary and was measured with a Miniscopc
MS 100 ESR spectrometer (Magnettech, Berlin, Germany). To investigate the role of iron in
these experiments, particle suspensions (0.5 mg/ml) were mixed with 50 ul deferoxamine
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mcsylatc (0-3.2 mM), incubated for 10 minutes at 37°C, followed by addition of DMPO and
ll;(>:. The specific role of IM): was investigated by mixing PM suspensions with increasing
concentrations of M;O: (0-1000 nM). or by the addition of catalase (0-1000 U ml) to a
mixture of PM, I)MPO and IM): (0.125 M). Inactivated catalase (1000 U/ml, 10 min. 95°C)
was used to check for non-specific protein effects. As negative control, a mixture of water (or
dcferoxaminc or catalase), IM): and DMPO was used, whereas a mixture of FeSÜ4 (1 mM in
deionised waler), IM); (0.125 M) and DMPO was used as a positive control. The BSRspectra were recorded at room temperature using the following instrumental conditions;
Magnetic field: 3360 G, sweep width: 100 G. scan time: 30 sec, number of scans: 3,
modulation amplitude: 1.8 G. rccicver gain: 1000, microwave frequency: 9.9 GHz, power
attenuation: 6 dB. (Quantification was done by accumulation of 3 different spectra, each
averaging 3 different scans. 'OH formation was then quantified by measuring the amplitude of
the 4 peaks of the 1:2:2:1 quartet pattern, which is specific of the DMPO-OH signal.
Outcomes arc expressed as total amplitude in arbitrary units.
i' /or
Induction of the 'Oil-specific DNA lesion 8-hydroxydeoxyguanosine (8-OHdG) by PM in
isolated call ihytmis DNA was estimated via a dot-blot assay that we have developed, based
on u method us described by Musarrat et al |30|. Freshly prepared suspensions of PM (50 ul
of 1.6 mg/ml in PBS) were incubated with 50 ug of calf thymus DNA dissolved in Tris-HCl
(10 mM. pi I 8.0) and IU)> (1 mM). in a final volume of 500 ul. In each experiment. DNA
incubated without PM and II.»O.\ as well as DNA incubated with 0.1 mM FeSOj and I mM
hydrogen peroxide were included as negative and positive controls respectively. Samples
were incubated in the dark for 60 minutes at 37"C in a shaking water bath. At the end of each
incubation, samples were immediately eentrifuged (6000 rpm, 5 min), and 400 ul of the
supernatant was transferred to a fresh tube. The DNA was precipitated by the addition of 1/10
vol. NaAc (1.5 M, pll 6.0) and 2x100% ice-cold ethanol. Precipitated DNA was then washed
twice using 70 % ethanol (13,000 rpm, 5 min), dried in dark, dissolved in 30 ul of Tris-HCl
buffer and stored overnight at 4"C. On the next day, DNA concentrations were determined
spceliophotometrically and the samples were diluted to a final concentration of 2.56 ug/ml in
20xSSC. Of each sample, replicate 2-fold dilutions were blotted on a nitrocellulosemembrane using a dot-blot apparatus. To each blot, both negative and positive controls are
added. The DNA was cross-linked by baking the membrane for 90 min in a pre-warmed oven
ut SO'V. Blocking of the membrane was performed overnight using casein, lmmunostaining
of 8-OIWIG was performed using the N45.1 monoclonal antibody |3I) and the VectastainA B f kit with diaminoben/idine-staining according to the recommended protocol (Vector
Laboratories, Burlingame. ( A ) . The blots were analysed by computer-assisted densitometry
scanning (Bio Kad, Gel IXK 2000, Milan, Italy), and expressed relatively to the density of the
negative controls.

H:O- formation b\ human neutrophils exposed to PM was performed according to the method
described by Pick and Keisari |32|. Human peripheral blood neutrophils (1x10" cells ml) were
isolated as preuoush described |33], plated in 24-well tissue culture plates, and subsequently
exposed to PM suspensions (0-100 ug ml) in HBSS. containing 8.5 U ml horseradish
pcroxidase and 0.28 mM phenol red. After incubation (Ih). cells were eentrifuged. and 5 ul of
IM NaOH was added to 500 ul of the supernatant. Absorption was measured at 610 nm using
a speclropholometer (Beckman. I'ullerton. I"A) and final concentrations were calculated from
a standard curve ol H;O;. PMA (100 ng ml) was used as a positive control.
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Experiments were performed with A549 cells (American Type Culture Collection). These
cells have structural and biochemical characteristics of human type II cells, are known to
ingest particles [34], and have been used by several research groups to study DNA damage
induced by asbestos fibres or ambient paniculate matter [35.27]. Cells were grown in DMEM
supplemented with 10% heat inactivated foetal calf serum, l.-glutaminc. and 30 IU/ml
penicillin-streptomycin at 37°C and 5 % CO;. For experiments, cells were trypsinised at
confluency. seeded into 60 mm culture dishes, and grown until confluency. Cells were then
washed 2 times with HBSS and treated with PM suspensions or their particle-free filtrates.
Particles present in the resuspended pellet, obtained after centrifugation, were not tested in
this cellular assay, as electron microscopy analysis indicated that this process dramatically
changed particle agglomeration and distribution (not shown). PM suspensions were prepared
as described before, although here PM-filter pieces were suspended in MMSS in stead of
water. The (diluted) suspensions were added to the dishes in a final volume of 2.5 ml/dish.
Final concentrations used were 5 and 20 ug/cm" (resp. 40 and 200 ug/ml). Cells were
incubated for 3h at 37°C (100 % relative humidity, 5 % CO-). In some experiments,
deferoxamine (final concentration 0.4 mM), was used as an iron chclator.

DNA strand break formation in A549 cells was determined by the comet-assay [36],
according to the guidelines recently proposed by an expert panel |37|. Fully frosted slides
were covered with a layer of 0.65% agarose using a coverslip and stored overnight at 4°C.
A549 cells were harvested from the dishes using trypsin and were then suspended in IIHSS.
Cytotoxicity in A549 cells caused by exposure procedures and cell processing was evaluated
using Trypan Blue dye exclusion. Subsequently, 25 ul of the cell suspension (2x10*' cells/ml)
was mixed with 75 ul 0.5% low melting point agarose. This mixture was then added to the
slides, on top of the first agarose layer using a coverglass. Slides were stored 45 minutes at
4°C to allow solidification, and covered with another layer of low melting point agarose (100
ul). Following solidification for at least 45 minutes at 4"C, slides were immersed in lysis
buffer (2.5 M NaCI, 100 mM EDTA, 10 mM Tris-base, 1% Sodium Lauryl sarcosinate, pH
10; 10 % DMSO and 1 % Triton X-100 added just before use) and stored overnight at 4"C.
The following day, slides were rinsed with distilled water and placed in an electrophorcsis
tank filled with ice-cold buffer (300 mM NaOH, 1 mM EDTA, pH 13) for 30 minutes.
Electrophoresis was conducted at 300 mA and 25 V for 15 minutes. Slides were then
neutralised 3 x 1 0 min using neutralisation buffer (0.4 M Tris, pH 7.5). All steps described
were performed in the dark to prevent additional DNA damage. Slides were stained with
ethidium bromide (20 ug/ml in H;O) and comet appearances were analysed using an Olympus
BX60 fluorescence microscope at lOOOx magnification. Samples were tested in duplicate
within each experiment. On every single slide 50 cells were analysed randomly, and classified
into one out of five categories according to tail length (0,1,2.3,4. in which 0 no tail). For
final analysis a 'comet-score' of each individual slide was calculated, according to Collins et
al [38]: Co/?;«?/ Score = .vi/wjrc/a.v.v / r<7/.v * 2.r c/av.v 2 tW/.v • i t c/«.v.v J «7/.v * 4t r/a.v.v 4
ce/Asy. Using this formula a minimally damaged sample will have a score of 0, whereas a
maximally damaged sample obtains a comet score of 200.

Data are expressed as mean ± sd (at least 2 independent experiments). Statistical analysis was
performed using SPSS v. 10 for Windows. ANOVA (Tukey) was applied to test differences
between groups. Differences were considered to be statistically significant when p^0.05.
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Result«

ESR analysis was used to determine "OH generation by PM. Figure 1 shows representative
DMPO-OH signals (1:2:2:1 quartet) and clearly indicates that, in the presence of H;O: and
the spintrap DMPO, 'OH were generated at the same level by PM suspensions as well as their
supernatant* or filtrates. When the centrifugable fraction (containing the insoluble fraction)
was resuspended in water the "OH-gcncrating capacity was reduced. Formation of'OH was
not observed when blank filter preparations were tested.

suspension

— suspension (fikercd)

supernatant

— supernatant (filtered)

resuspended pellet

-r-N^-N-^~^. — control

Ktgurr I Keprcscnlatixc DMI'O-OII signals (1:2:2:1 quartet). TSR spectra »ere recorded
allci IIKuh.ilioii (10 mini ol a mixture ol I'M (0 5 mgml). hvdrogen peroxide (0.125 Ml and
the spinlrap DMI'O (2x 111M) Signals «I' I'M suspensions, their supcrnatants ( H.000 g| or
liltrales | l l l )ini) are shown Ihc ccn(rilu(;cd pellet ol the ins4>luhlc panicle fraction was
rcMiNpcndcd and measured .i^jm (resuspended pellet I. No signab were obsencd »hen PM
wa.\ omitted (control)

When H;O; was omitted in these l-SR experiments, minimal amounts of "OH were
detected. However. H.-O; added in uM range, dose dependent!)' enhanced "OH formation
(Table I). Previous data suggested a role of Fcnton-driven formation of hydroxyl radicals
11 — ]. which implies the involvement of both transition metals and H;O;. As iron appeared to
be the most prominent transition metal present in PM suspensions, its role was assessed using
the iron chelator deferoxamine. figure 2a clearly shows that 'OH formation was totally
inhibited at a deferoxamine concentration of 100 jiM. The importance of H;O; in this system
was evaluated using catalase (Fig. 2b). Also hca* a dose-dependent decrease of "OH formation
was obsencd. Heat inactivated catalase (10(X) I' ml) did not affect "OH formation.
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TaMc I. Enhancement of'ON formation b> PM in the presence of hydrogen perox
Concentration H-O; (jiM)

PM

DMPO-OH signal (%)

+OuM
+ 1 nM
+ IOuM
+ IOOuM

100
114 ±15
139 ± 1 1 *
150 ±17«

+ I000MM

191 ± 7 » *

PM (0.5 mg/mll »as mixed »ilh DMPO (25 mMl and I M ) . , and incubated for 10 min (37V).
DMPO-OH signals »ere quantified as described in the methods section und expressed us • • of
control ( PM * 0 uM H«O;). *p- 0.05, "pM*•<" «•• PM • (I uM I H ) ; (ANOVA. Dunneltl.

Forma/ion q/'A-Aw/roxtv/rarvjiwimM/nf /« nut/? DA/.4
To assess the significance of 'OH formation by PM in DNA damage we applied a dot-blot
method to measure the formation of the 'OH -specific DNA lesion 8-OHd(i. A representative
blot containing different incubations is shown in Figure 3. PM-induced formation of 8-Olld('i
was only observed when I M ) ; was added. Hydrogen peroxide alone did not affect 8-()Hd(i
levels (Fig. 4). Moreover, as for ESR-detected 'OH formation, also here no differences were
observed between the PM suspension or its supernatant, again indicating the majur role of
soluble factors present in PM.
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Kluurr 5. Hydrogen petx<xidv release hy human ncutrophik exposed to PM suspensions Cells »ere exposed for Ih.
Hydrogen peroxide »us measured according tu the method described by Pick and Keisari (Ji|. PMA (100 ng-ml), used as a
posiiixe conln.l gase u release of 25.« t J.2 MM. *p-0.05 vs. 0 ugml PM.
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Human neutrophils were exrK>sed to PM suspensions to investigate whether paniculate matter
was able to activate the oxidative burst of these cells. When neutrophils were exposed for 1
hour to 50 or UK) ng ml PM. a clear increase of H;O: released into the medium was found
(lig. 5). No H:O; was detected when PM suspensions were incubated without cells.
DM
A
"».•1.W9
Single cell gel electrophoresis (comet assay) w*s applied to investigate PM-induced DNA
strand break formation in A5-W cells. Data are shown in Figure 6. A significant increase in
ON \ strand breakage was onlv found using the highest concentration (20 ng c m ) of the
native I'M suspension, whereas this was not observed for its particle-free filtrate, suggesting
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that the insoluble particle fraction contributes to PM-induced DNA damage. To investigate
the role of soluble iron, A549 cells were exposed to PM (20 ng/cm") in the presence of the
iron chelator deferoxamine (DFO). Deferoxamine alone (0.4 mM) did not allect DNA
damage. However. DNA strand breaks induced by both PM suspensions and particle free
filtrates was reduced by deferoxamine. All effects were observed in the absence of
cytotoxicity. as determined by trypan blue dye exclusion after incubation. Moreover, also
blank filter preparations (both suspensions and filtrates) were tested, but no effects were
observed (data not shown).
150

100

I

50

Q
control

5 ug/cm2

20 ug'cm2

S ug/cm2

with panicles

20 ug/cm2

\v ilhoul

Figure 6. DNA strand breakage in A544 cells exposed to I'M. Both I'M suspensions (with purliclcs) and I'M lillrales (0.1
Mm; without particles) were tested, (ells were incubated for 3h. and DNA stund break formation was analysed using the
comet assay. Strand break formation was analysed by classification of cells into one out ol live classes, according to tail
length. *p<0.0S vs. control.
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Figare 7. Effect of the iron chclator dereroxamine (DFO) on UNA strand breakage in A549 cells exposed to PM. Both PM
suspensions (with particles) and PM filtrates 10.1 urn: without particles) were tested. Cells were incubated for 3h with or
without DFO. and DNA stand break formation was analysed using the comet assay. Strand break formation was analysed by
classification of cells into one out of five classes, according to tail length, ••p- 0 01. *p^0.05 vs. control (ctrl).
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Dbcuviion
bpidemiological studies have established an association between increased lung cancer rates
and exposure to paniculate matter [2,3]. Since genotoxicity possibly contributes to
carcinogcncsis, we investigated the mechanism of PM-induced DNA damage in lung target
cells. In a previous study we demonstrated that the soluble fraction of PM was able to induce
8-hydroxydeoxyguanosine (X-OHdG) in type II epithelial cells, which was possibly related to
the ability of PM to induce iron-dependent 'OH formation (9,12). Here we provide evidence
that I'cnton reaction-derived 'OH were indeed able to hydroxylate the guanine residue when
naked DNA was exposed to PM. Moreover, in addition to 8-OHdG induction in rat lung
epithelial cells as previously described, PM was also shown to induce DNA strand break
formation in human type II cells (A549). However, in contrast to the acellular experiments,
the insoluble particle fraction was found to contribute to PM-induced DNA damage in lung
target cells.
KSK using the spintrap DMPO is an established system to directly determine the
formation of 'OH [I7J. Using this system we found rapid generation of 'OH by PM.
Moreover, the data indicate that this reaction was H;O;-depcndent and could mainly be
attributed to readily water-leachable constituents of PM. Interestingly, the resuspended
insoluble fraction still possesses a detectable 'OH generating capacity, suggesting that
insoluble metals, and probably reactive surfaces of the (poorly soluble) particles contribute to
the ability of PM to induce 'OH. This is also illustrated by observations from Ghio et al. [39],
who showed thai metals present in the insoluble particle fraction were still catalytically active.
Inhibitory experiments using either catalasc or the iron chelator deferoxamine indicated the
specificity of the lenton reaction, and more importantly, the role of soluble iron, which is the
most abundant transition metal in our PM-preparations. The relevance of these effects for
situations where PM fractions arc in close contact with DNA. was investigated using a dotblot assay for the detection of the "()l l-spccific DNA adduet 8-OHdG. Using this test system
it was shown that H.<O; was indispensable in PM-mediated hydroxylation of DNA, clearly
indicating a role of lenton reaction-derived OH-radicals.
To investigate the role of iron-mediated 'OH formation in PM-induced damage in
cellular DNA. we assessed DNA strand breakage in A549 cells using the comet assay. In line
with earlier observations on the induction of 8-OHdG [12), we found that PM caused strand
break formation in these cells, l-lffects appeared to be largely mediated by iron, since strand
break formation was inhibited by DI'O. Non-specific effects of D K ) (direct scavenging of
'Oil) can be ruled out. because the concentration used in these experiments (< 0.4 mM) was
much lower than the concentration at which DI-'O is reported to act as a OH-radical scavenger
( -150 mM) |4()|. Therefore, these experiments suggest that both DNA strand breaks and
induction of 8-OHdG b> PM n u \ arise via a common chemical mechanism in which
transition metals play an important role. This is confirmed by data from Toyokuni and
Sagripanti |20|. who showed a linear relation between strand break formation and 8-OHdG in
DNA exposed to iron. However, unlike the acellular assays, we found that both DNA strand
breakage as observed in the present study, and induction of 8-OHdG in type II epithelial cells
| I 2 | was possible without extracellularly added H.O-. suggesting the presence or generation
of endogenous, inlraccllular H-O;. Considering that I'enton reaction-dependent 'OH formation
is crucial in PM-induced oxidative DNA damage, it is important to note that the 'OH is so
reactive that it can only directly hydroxylate nuclear DNA when it is generated in direct
proximity |4I |. I or lung epithelial cells exposed to PM. this indeed implicates the presence of
H;O-, which is confirmed by data from IXMhnger et al [13| who demonstrated that DNAstrand break formatton in lung cells exposed to PM was inhibited by the H;O: scavenger
catalase. The\ proposed a mechanism of intracellular H;O; generation b\ PM itself via a
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semiquinone-induced reduction of oxygen. In addition, type II epithelial cells, used in the
present study, are also known to generate H;O; themselves, probably via a protein kinase (.'mediated activation of a NADPH-like membrane bound enzyme (42-44|. More specifically.
Ye et al [45] demonstrated that H;O; was present in A549 cells, and that its concentration
dramatically increased after exposure to the transition metal chromium. Moreover, we
observed that micromolar levels of H:O;, as found in A549 cells significantly enhanced
acellular 'OH generation by PM. In common, these observations provide further support for
our acellular data, showing the importance of H;O; in PM-mediated DNA damage. In an ;/i
vivo situation PM has been shown to induce an influx of inflammatory phagocytes into the
lung, upon release of cytokines from type II cells and/or alveolar macrophages | IO,4h.47|. In
the present study, we showed that PM was able to induce M;(); release by neutrophils, which
would suggest that in situations of pulmonary inflammation (such as chronic obstructive
pulmonary disease) the intrinsic capacity of inhaled PM to induce DNA damage may be
enhanced due to an increased level of inflammatory cell-derived H;O.> |4S|.
Our data comparing PM suspensions with the particle free soluble fraction, obtained
after filtration, suggest that the insoluble particle fraction contributes to DNA damage.
Ideally, the effect of insoluble particles could be tested separately by the use of a PM fraction
resuspended after centrifugation. As such however, effects of ultrafinc particles would be
ignored since they are not centrifugable [12]. In addition, electron microscopy visualisation
demonstrated that particle agglomeration and distribution was dramatically changed after
resuspension (data not shown), which makes it hard to compare possible effects with the
original suspension. However, Don Porto Carero et al. (2001) showed that carbon black
particles were able to induce DNA strand breaks in A549 cells, indicating that the insoluble
carbonaceous particle fraction of PM may indeed contribute to genotoxicity [271.
In previous studies we concentrated on effects of the soluble, uncentrifugable fraction
of PM, because our immunoassay, used to detect 8-OIIdG in rat type II cells, did not allow
the use of dense particulates as they were found to interfere with the microscopic evaluation
[12]. In the present study these problems were avoided by using the comet assay. This assay is
not only a quantitative technique, but more importantly, also allows to assess particle-induced
DNA damage, without the possibility of artificially induced effects due to direct contact of
particles with DNA during cell processing. Using the comet assay, we and others showed that
insoluble particles such as carbon black and quartz were able to induce strand breaks in A549
cells, possibly via intracellular generation of'OH [25,27]. Recently, Stearns et al [34] showed
that A549 cells were able to ingest particles, indicating that intraccllular effects of insoluble
particles could play a role in PM-induced DNA damage, as suggested in the present study. In
preliminary experiments investigating particle uptake by A549 cells we were not able to find
particles in the nucleus after 4 hours incubation (unpublished observations). This observation
excludes direct nuclear effects possibly related to catalytically active surface components of
the insoluble particle fraction. Moreover these data suggest that insoluble particles possibly
'act at a distance' in their contribution to PM-induced DNA damage: During uptake, particles
can affect cellular membranes, leading to the induction of lipid peroxidation, a process which
has been described for quartz particles [49]. Lipid peroxidation processes arc known to yield
products which can damage DNA, possibly via formation of'OH. Interestingly, especially in
the context of PM, this effect can be enhanced in the presence of transition metals such as iron
[50]. Additionally, particles could also interfere with the intracellular level of Fenton-reactive
H;O;, by directly activating protein kinase C'-mediated processes [51,52],
In conclusion, the data presented in this paper contribute to a hypothetical mechanism
of PM-induced DNA damage in type II epithelial lung cells, in which 'OH. generated by a
Fenton reaction are considered to play an important role (Figure 8). Our data suggest that in
this particular mechanism, apart from PM-derived transition metals, H;O: is an indispensable
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factor. In addition, we demonstrated that the insoluble particle fraction contributes to the
genotoxic hazard of ambient paniculate matter. The implications of this mechanism for
compromised people, suffering from inflammatory diseases, and reported to have increased
levels of HjO: in the lung, remain to be investigated.

-> Inflammatory cells

Lung epithelium
H g u r r N Proposed mechanism of h>droxv I radical-mediated D N A damage h\ I'M In lung epithelial cells The scheme
shows ihr interplay of effects suggested li> be mediated h\ the »aler-soluble and the insoluble fraction o f PM l o induce
D N A damage. O i l tmlii ills have lo be generated within the nucleus, in close proximity lo the D N A . I his implicates (he
presence nl both l l - l ) . and Iransition metals in the nucleus. Hydrogen peroxide in epithelial cells may be dcritcd either from
extracellular sources, such us inflammatory cells (I), or from endogenous sources. I ndogenous IM)_- can be derived from a
particle mediated enhancement of N A D P H - o x i d a s e activity (II) ( 5 I . 5 2 | In addition, it can he generaled via intracellular
o x y g e n reduction h\ particle surface radicals (III) | | 3 | . Ihe diffusion of iron and other soluble Iransition metals (M ),
abundantly available from I'M ( I V ) . » i l l then provide an optimal condition lor enhanced I cnton reaction-mediated ' O N
generation within Ihe nucleus.
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Chapter 4
Oxidant-induced DNA damage by quartz in
alveolar epithelial cells

Rod PF Schins. Ad M Knaapen, Gonca D Cakmak, Tingming Shi,
Christel Weishaupt, and Paul JA Borm
Department of Fibre & Particle Toxicology. Medical Institute of Environmental Hygiene.
Auf 'm Hennekamp 50, 40225 Düsseldorf, Germany

Abstract

Respirable quartz has recently been classified as a human carcinogen. Although studies with
quartz using naked DNA as a target suggest that formation of oxyradicals by particles may
play a role in the DNA-damaging properties of quartz, it is not known whether this pathway is
important for DNA damage in the target cells for quartz carcinogenesis, i.e. alveolar epithelial
cells. Therefore, we determined /w v/"/r« DNA damage by DQ12 quartz particles in ral and
human and alveolar epithelial cells (RLE, A549) using the single cell gel
electrophoresis/comet assay. The radical generation capacity of quartz was analysed by
electron spin resonance (ESR), and by immunocytochemical analysis of the hydroxyl radicalspecific DNA lesion 8-hydroxydeoxyguanosine (8-OHdG) in the epithelial cells.
Quartz particles as well as the positive control hydrogen peroxide, caused a dosedependent increase in DNA strand breaks in both cell lines. DNA damage by quartz was
significantly reduced in the presence of the hydroxyl-radical scavengers mannitol and DMSO.
The involvement of hydroxyl radicals was further established by ESR measurements, and was
also demonstrated by the ability of the quartz to induce formation of 8-OHdG. In conclusion,
our data show that quartz elicits DNA damage in rat and human alveolar epithelial cells, and
indicate that these effect are driven by hydroxyl radical-generating properties of the particles.

Äas«/o/i: Mutation Research 517: 77-86, 2002.
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Introduction

Rcspirable quartz has been classified as a carcinogen by the International Agency for
Research on Cancer 11J. Studies on the physicochemical properties of quartz particles indicate
that oxyradicals, such as O;"', 'OH and 'O; are involved in the cytotoxic, inflammogenic, and
fibrogcnic effects of quartz (2-10]. Also with regard to the carcinogenicity of quartz, a role for
oxyradicals has been proposed [4,11]. Studies by Daniel et al. [12], point towards a major role
for the hydroxyl radical ('OH), since damage to naked DNA by quartz was enhanced in the
presence of Superoxide dismutase and M;O;, whereas damage could be blocked by catalase or
DMSO. It has been proposed that this radical, despite its extremely short half-life may exert
its effects as a result from direct binding of quartz particles to DNA [11,13].
Support for the involvement of oxyradicals in the genotoxicity of quartz also comes
from a number of animal studies. Enhanced formation of the 'OH-specific and premutagenic
DNA lesion S-hydroxydeoxyguanosine (8-OHdG) [14] has been observed in rat lungs upon
intratrachcal instillation with quartz [15-17]. Immunohistochemical analysis of 8-OHdG
indiciites that DNA damage merely occurs in cells of the alveolar region [17], and the
epithelial cells in this region are considered as target cells for quartz-induced lung
carcinogenesis |I8.I9|. Notably, these iw cm; genotoxic effects are considered to be a
consequence of the ability of the dusts to induce lung inflammation with excessive formation
of ROS by activated ncutrophils and macrophages [17,19-21]. This concept is further
supported by i« W/r« co-incubation experiments, showing that inflammatory cells as well as
hydrogen peroxide induce 8-OHdG formation and hpri-mutations in rat alveolar epithelial
cells [19,22.23]. However, several research groups have also demonstrated genotoxic
properties of quart/ in the absence of inflammatory cells, i.e. using a variety of ;>; v/Vr«
systems including the single cell clectrophoresis/comet assay [24-31]. Importantly however,
in these studies no cells of epithelial origin were used, whereas alveolar epithelial cells are the
major target cells lor neoplastic effects induced by poorly soluble dusts such as quartz
118,191. Furthermore, a clear role for 'OH, as proposed from observations with naked DNA
and indicated from /« Ww> studies, has so far not been established from ;>; v/7ro genotoxicity
studies with quart/.
The aim of our present study was to determine whether respirable quartz particles
elicit DNA damage in alveolar epithelial cells, and whether hydroxyl radicals play a role in
here. Therefore. DNA damage by quartz was evaluated in lung epithelial cell lines of rat
(RLE) and human (A549) origin, using the comet-assay. The hydroxyl radical-generating
capacity of the quartz was analysed by electron spin resonance (ESR), and by
immunocytochemical analysis of 8-OHdG. Hydrogen peroxide, known for its 'OH-mediated
induction of 8-OHdG and DNA strand breakage was used as a positive control [32-36]. In the
present study, we demonstrate that respirable quartz particles induce DNA damage in alveolar
epithelial cells, and provide evidence that, as with the genotoxicity of hydrogen peroxide. 'OH
may play a major role in the observed genotoxic effects elicited by quartz.
Materials and Methods
C7l«7MU'<»/.V

Dulbecco's Modified Eagle's Medium (DMEM), HAM F12. Foetal calf serum (FCS). Lglutaminc. penicillin-streptomycin, Trypsin-EDTA. HFPES buffer. Sodium Pyruvate. ßNAD1I. 2.4-dinitrophcn\lhydraiinc. 1-thulium bromide. DMSO. Agarose. low melting point
agarosc (l.MPA). Tris-base. Triton X-100. Na-l.auroyl sarcosinate. Na-formate. 5.5-dimethyl1-pyrroline-N-oxidc (DMPO), and H.-O; were obtained from Sigma-Aldrich (Taufkirchen.
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Germany). Hanks Balanced Salt Solution (HBSS) was obtained from Life-Technologies
(Kahrlsruhe. Germany). DQ12 (batch 6, MIL)) was used as a standard quartz.
CW/ m/fure am/ /reafwe«/ o/r e//j
RLE cells were kindly provided by Dr. K. Driscoll (Procter & Gamble. Cincinnati. USA), and
were grown in HAM F12 supplemented with 5% heat inactivated PC'S. L-glutamine, 1% 1 M
HEPES buffer, and 30 lU/ml penicillin-streptomycin. A549 cells (American Type Culture
Collection), were grown in DMEM culture medium supplemented with 10% heat inactivated
FCS, L-glutamine, and 30 lU/ml penicillin-streptomycin. For experiments, cells were
trypsinised at confluency, seeded into 24 well tissue culture plates and grown until
confluency. The cells were rinsed two times with phosphate buffered saline (PBS), and then
treated for 4 hours. Therefore, quartz was suspended in HBSS, sonicated for 5 minutes in a
water bath, and diluted into the culture dishes at the indicated final concentrations. As a
positive control, cells were treated for 2 hours with H:O_> dissolved in HBSS. In some
experiments 40 mM mannitol or 0.5% DMSO. used as 'OH scavengers, were added to the
cells 30 minutes before addition of the particles.

Single cell gel electrophoresis [26.27] was performed according to currently recommended
guidelines [28]. At the end of each incubation, the epithelial cells were rinsed twice with PBS,
detached by trypsination (50 ul, 2 min), and immediately suspended in FCS-containing
DMEM or Ham-F12. Cells were centrifugated for 5 minutes at 400 g, and resuspended in
HBSS. Cell yield and viability of each incubation were then assessed by a Neubauer
hematocytometer using trypan blue dye exclusion. A mixture of 25 ul cell suspension and 75
ul 0.65% low melting point agarose (LMPA), was added to 0.65% agarose-covered fully
frosted slides. Following solidification, the slides were covered by another layer of LMPA
(100 ul). Slides were lysed overnight at 4*C in lysis buffer (2.5 M NaCI. 100 mM I-D'I'A, 10
mM Tris-base, 1% Na-Lauroyl sarcosinate, pH 10, containing 10% DMSO and 1% Triton X100). On the next day, slides were rinsed with distilled water and then placed for 30 minutes
in an electrophoresis tank filled with ice-cold electrophoresis buffer (300 mM NaOH, I mM
EDTA, pH=13). The electrophoresis tank was kept in an ice bath, and electrophoresis was
conducted at 300 mA and 25V for 15 minutes. Slides were neutralised 3 x 5 min using
neutralisation buffer (0.4 M Tris, pH=7.5). All steps described were performed in the dark or
under dimmed red light to prevent additional DNA damage. Slides were stained with ethidium
bromide (20 ug/ml in H;O) and comet appearances were analysed on an Olympus BX60
fluorescence microscope at 200x magnification. For each experiment, two slides were used
per treatment, and for each slide at least 50 cells were analysed randomly, using a comet
image analysis software program (Comet Assay II, Perceptive Instruments, Havcrhill, UK).
Comet parameters evaluated included tail length, % tail DNA and the tail moment.
o/Z.D//
Cytotoxicity was determined by measurement of the release of lactate dehydrogenase (LDH)
as an indicator of cell membrane damage, and was based on the method as described by
Brown et al. [37]. Briefly, the LDH activity of the test samples or standards was measured
using pyruvic acid as substrate on an automatic plate reader (Multiskan, Labsystcms,
Heslinki, Finland) at 540 nm.
£7ec7ro/i sp/'« resortawce
The ability of the quartz particles to generate hydroxyl radicals, both in the presence and
absence of H;O; was evaluated by electron spin resonance (ESR). Briefly, 50 ul of distilled

73

DNA DAMAGE BY QUARTZ IN ALVEOLAR EPITHELIAL CELLS

deionised water, SO ul of 0.5 M H;O; in PBS and lOOjal of the spin trap 0.05 M of 5,5dimcthyl-l-pyrroline-N-oxide (DMPO) in distilled deionised water were added to 4 mg of
DO I2. This suspension was incubated in a shaking water bath for 15 min at 37°C. and Tittered
through a Sartorius 0.22 urn pore filter. The filtrate was then transferred to a capillary and
I)MF'()-()M adduct formation was measured with a Miniscope ESR spectrometer
(Magnettech, Berlin, Germany). For U;O: independent radical formation, 20 mg of DQI2
was incubated for I hour with 50 ul of distilled deionised water, 50 ul of PBS and 100 ul of
0.05 M of DMPO in distilled deionised water. The ESR-spectra were recorded at room
temperature using the following instrumental conditions: Magnetic field: 3360 G. sweep
width: 100 G, scan time: 30 sec, number of scans: 3, modulation amplitude: 1800 G.

Formation of 8-hydroxydcoxyguanosine (8-OHdG) was determined by immunocytochemistry
u described previously |23|, with some minor modifications. Briefly, cells were seeded in 4Chambcr Slides (lalcon) at a concentration of 120.000 cells/chamber. After 48 hours, cells
were exposed to 20 or HO ug/cm quart/ for 4 hours. Immunocytochemistry was performed
using (he monoclonal 8-OHdG antibody (38], and the Vectastain-ABC kit (Vector
Laboratories. Burlingamc, CA). 8-OHdG was quantified using a digital imaging software
analysis system (SIS, Münster. Germany). Therefore, at least three chambers were analysed
per treatment, counting at least 100 cells per chamber.

Data are expressed as mean ± standard deviations unless stated otherwise. Statistical analysis
was performed using SPSS v.K) for Windows. Treatment-related differences were evaluated
using Student's t-tcst. A difference was considered significant at p<0.05.
Results
To evaluate the feasibility of RI,K cells and A549 cells for DNA strand breakage analysis by
the comet iissay. hydrogen peroxide was used as a positive control. The results of these
experiments are shown in figure I. DNA damage was observed in both cell types, but the
effects of hydrogen peroxide were much stronger in the RLE cells than in the A549 cells.
Whereas in RI.I-1 cells significant damage was observed at a concentration of 50 uM, in A549
cells hydrogen peroxide was only effective at a concentration of 200 uM.
RLE cells
A549cete

100

150

200

H2O2 (MM)
Flgurr I DNA strand breakage in Rl I evils and AM« cells upon treatment with hvdrvgen peroxide for ? hours DM«
represent nu\in • standard de\ ialion; * pMi.05 \ersus controls t 0 (iM II-CM

74

CHAPTER 4

Induction of DNA strand breakage in RLE cells or A549 cells upon treatment with
DQ12 quartz, in relation to viability of the processed cells is shown in Figure 2. As can be
seen in both graphs, quartz particles were found to elicit a concentration-related increase in
DNA strand breakage in both cell types. DNA damage was significantly increased for both
cell types at a concentration of and above 40 ug/cm". At lower concentrations. DNA damage
was not significantly increased. The relative increase in tail moment per log unit mass
appeared to be approximately 4-fold higher for RLE cells (y=1.48x + 1.95; r" 0.64. p<0.01)
compared to the A549 cells (y=0.39x + 1.10; r=0.36, p<0.01). Trypan blue dye exclusion
indicated a significant loss in viability of RLE cells at a quart/ doses of 40 ug/cm' and 200
ug/cm* whereas in the A549 cells, viability was only reduced at the highest dose of 200
ug/cm" (see Fig. 2).
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100

i 75
8
I 50

•*

03

5 25
0
0

.32

1.6

8

40

200

pg/cm2

B. A549 cells
1 W

8
.a

**

•

^$
* **

75
50

CO
• >

*'o n! 1
0

.32

T

1

1.6

8

5
4

1
40

200

|jg/cm2

Rjr»rt 2. Viability (lines) and DNA strand breakage (bars) in RI.K cells (A) and in A549 cells (B) upon 4 hours treatment
with DQ12 quart/ Data represent mean » SEM; • p-^0.05 and •• p<0.0l versus controls I« 0 ug/cm').
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•''••'• As an additional measurement of cytotoxicity of the quartz particles, the release of
LDH from the RLE cells or AS49 cells was used. The results are shown in figure 3. In
agreement with the results of the trypan blue test, significant toxicity was observed in RLE
cells with 1)012 concentrations of 40 and 200 ug/cm", whereas in A549 cells toxicity was
only observed at a concentration of 200 ug/cm".
Electron spin resonance was used to determine whether DQI2 quartz elicits formation
of 'OH, both in the presence and in the absence of H^O^. The ESR spectra for these
experiments are shown in figure 4. In the presence of H;O; the spectrum showed the 'OH
specific 1:2:2:1 quartet pattern with quartz (panel A). The absence of a detectable DMPO-OH
signal with hydrogen peroxide alone (panel B), shows that no Fenton-active' metal
impurities were present in the water used for the ESR measurements, and which might have
lead to a false-positive signal for quart/. The spectrum as observed with quart/ in the absence
of H2O2 (panel C) is also indicative of'OH formation. However, this was only observed when
five-fold higher quart/ concentrations and longer incubation times were used, and the
resulting spectrum also indicates trapping of other radical species besides 'OH, such as O2""

f7.8l.
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« f » r t 3. Cytotoxicity (I »I I-release) in KI.I- cells (A) and A549 cells (B) upon treatment with IXJI2 quartz particles for 4
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To determine the role of "OH in the formation of DNA strand breaks by quartz, RLE
cells were treated with DQ12 upon pre-incubation with the 'OH-scavengers mannitol or
DMSO. These data are shown in Table 1. Both mannitol and DMSO caused a reduction of
DNA strand breaks induced by DQ12. However, whereas comet tail length was significantly
reduced with both scavengers, for the comet parameters % tail DNA and tail moment
significance was only reached with mannitol. Trypan blue analysis indicated a slight decrease
in viability of the cells that had been treated with both DMSO and quartz. Mannitol and
DMSO alone had no effect on DNA strand break formation or cell viability. Using A549
cells, we also found significant inhibition of quartz-induced strand breakage by the hydroxylradical scavenger tetramethlythiourea (TMTU) (data not shown).
Table I. Effect of mannilol or DMSO on DNA strand breakage by quartz in RLfc cells.
Comet parameters

Viability (H)

Tail length

% Tail DNA

Tail moment

Quartz

24.2 ± 2.8

10.7 ±3.0

1.4 ±0.5

93.1 ±1.9

Quartz + Mannitol

19.8 ± 1.7*

5.7 ± 2 . 5 *

0.7*0.4*

93.7 ±2.1

Quartz + DMSO

20.2 ± 2.4 *

8.1 ± 1.9

1.0 ±0.2

88.9 ± 1.3*

Control

19.0 ±0.9

5.1 ±2.0

0.7 ± 0.4

99.2 ± 1.1

Mannitol

19.1 ± 1.3

4.9 ±3.0

0.7 ±0.5

95.5 ±3.6

DMSO

19.5 ±2.1

3.5 ±2.1

0.5 ± 0.4

97.3 ± 1.4

* p- 0.05 versus quartz; Independent experiments were used tu lest the elTecLs of mannitol and DMSO alone

To confirm the role of 'OH in the induction of DNA damage by quartz,
immunocytochemical analysis of 8-OHdG was performed following treatment of the RLE
cells with quartz. Results are shown in the Figures 5. As can be seen in the figures, DO 12
quartz caused increased formation of this hydroxyl radical-specific DNA-lesion. Software
analysis indicated a 3.5 fold increase in staining intensity for 8-OHdG upon treatment with 80
ug/cm quartz. No increase in staining intensity was observed in RLL cells with a quart/ dose
of 20ug/cm~ (not shown).
Discussion
Although the exact mechanisms by which inhalation of quartz may lead to cancer are not yet
fully understood [9,10], a role for reactive oxygen species, and more specifically 'OH has
been proposed [4,8,11,12]. In the present study we demonstrate that quartz elicits DNA strand
breakage and formation of 8-OHdG in human and rat alveolar epithelial cells ;n w'/r«. DNA
damage was also observed with hydrogen peroxide, which was used as a positive control
[32,33,36]. We also showed that DQ12 quartz causes 'OH generation, and that co-treatment
with the "OH scavengers mannitol or DMSO reduces quartz-induced strand breakage. In
agreement with our current observations, DNA strand break formation by quartz was recently
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also shown in a number of non-epithelial cell types using the comet assay [29-31]. In our
hands, dose-response studies showed that DNA damage by DQI2 quartz in A549 cells
already occurred at a dose (i.e. 40ug/cm") where cytotoxicity (trypan blue. LDH) did not
occur. Thus, in these cells the genotoxic response appeared not to arise from DNA damage
associated with cytotoxicity |28,39], whereas in RLE cells DNA damage as seen with quartz
could at least to some extent result from or lead to cytotoxicity. Interestingly, the different
slopes of the dose-effect relations indicate marked stronger effects for quartz as well as for
hydrogen peroxide in the RLI: cells compared to the A549 cells with regard to DNA strand
breakage per unit dose. The higher resistance of the A549 cells possibly relates to the high
antioxidant status in these cells (unpublished observations), but might also reflect other
differences between both cell lines, such as cell growth rate and transformation state, or
efficiencies of DNA-repair mechanisms.
A major aspect of our present study has been the evaluation of DNA damage in lung
epithelial cells. I his is important in view of the specific behaviour of paniculate materials in
comparison to soluble chemicals [40), and the specificity of these cells as target for quartzassociated lung carcinogenesis [18,19]. Both cell lines used in our present study have
structural and biochemical characteristics of type II cells [41-43]. More importantly however,
with regard to genotoxicity testing, lung epithelial cells have been demonstrated to ingest
quart/ particles following inhalation [44,45), and intimate contact between particles and DNA
has been considered as a prerequisite of oxyradical-mcdiated strand breakage [I3|. Ongoing
studies in our laboratory indicate that A549 cells as well as the RLE cells are able to ingest
quartz particles in a dose and time dependent manner [40] (Höhr et al.. manuscript in
preparation).

• ,

• • t •

• •/*Klfdrr 5 Immunooloehemical staining »I'X-OHcK! staining in Rl K cell*, following 4 hours treatment with K0|tg/cm~ IX)12
quart/ p;irtuk"> A control: I) quart/ treated IVuirv- were taken at 4(M)\ magnification Software anahsis (see methods
scv'lum l»i details) indicated u .1 .< I'old mcrca>c in staining intensity tor K-DlkKi r>\ quart/

The ESR measurements performed in the present study, are in line with previous
observations by others [2-8|. and also confirm that our batch of DQ12 dust indeed generates
'OH. Importantly, when considered on equal mass, the H;O;-independent generation of'OH
by quartz was negligible compared to the effects as seen in the presence of H;O;. These data
suggest that H;O;. endogenously produced by alveolar epithelial cells [46-47], and. or derived
from phagocytic cells during lung inflammation [21) may in fact be a prerequisite for a
significant induction of 'Oil-mediated DNA strand breakage and C-8 oxidation of
deoxvguanosme [26,32-35.48.49] by quartz particles in epithelial cells. In our present study.
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the significance of 'OH in the induction of DNA damage by quartz in epithelial cells was
clearly established from two independent observations. On the one hand, the hydroxyl radical
scavengers DMSO. manmtol, and TMTU (not shown) were able to reduce DNA strand
breakage elicited by quartz. On the other hand, immunocytochemical analysis clearly
demonstrates the induction of the 'OH-specific lesion 8-OMdG in epithelial cells upon
treatment with quartz. Although immunohistochemistry for 8-OHdCi only allows
semiquantitative analysis of the formation of these DNA adducts, alternative approaches have
been criticised for the possible introduction of artefacts during the DNA isolation procedure
[50]. This aspect may be even more crucial with regard to the evaluation of quartz, where
radical generating properties of particles firmly attached to- or ingested by treated cells could
possibly induce 8-OHdG during cell processing. Although the occurrence of artificially
introduced DNA breakage during cell processing is less likely for the comet assay based on
the kinetics of strand breakage assays with quartz and naked DNA |f>,12|. this aspect also
deserves nature investigation. The fact that the 'OH scavengers were not completely effective
in blocking DNA strand breakage by quartz, is in line with previous observations with
hydrogen peroxide, and has been explained by the extremely high reactivity of this radical in
relation to the relative concentrations of the scavengers versus nucleotides in the nucleosomc
[32]. However, the non-optimal effectiveness of both scavengers may to some extent also be
indicative of'OH-independent mechanisms of DNA strand breakage.
In conclusion, we demonstrate that respirable quartz particles elicit DNA damage in
rat and human epithelial lung cells. Our data also indicate that 'OH-generating properties of
the quartz particles are involved in the induction of these ;« W'ra effects. The enhanced
formation of 8-OHdG, as observed in the lungs of rats treated with quartz has been attributed
to the excessive and persistent formation of ROS by neutrophils upon quartz-induced lung
inflammation [17,21], a concept which is further supported from our present and earlier |23]
i« viYro observations with hydrogen peroxide. However, our current data also provide
evidence for an inflammation-independent induction of DNA damage by quartz in epithelial
cells. Whether these hydroxyl radical-generating properties of quartz particles contribute to
DNA damage in v/vo, and in turn whether this significantly impacts on mutagencsis and
tumorigenesis as observed in chronic inhalation studies in rats [1,18,19,51] still needs to be
evaluated.

This study was supported by the Silikosegesellschaft Nordrhein Westfalen.
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Chapter 5
Neutrophils cause oxidative DNA damage in
alveolar epithelial cells

Ad M Knaapen , Frank Seiler, Pauline AEL Schilderman', Peter Nehls". Joachim Bruch",
Roel PF Schins'. and Paul JA Bonn'
'Department of Health Risk Analysis and Toxicology, Maastricht University. Maastricht. The
Netherlands. "Institute of Hygiene and Occupational Medicine,
University of Essen, Medical School, Germany

Abstract
Inflammation has been recognised as a contributing factor in the pathogenesis of some
cancers. In the rat lung, particle-induced inflammation is characterised by an influx of
polymorphonuclear neutrophils (PMN) that release a variety of reactive oxygen species
(ROS). The aim of the present study was to investigate direct effects of PMN on oxidative
DNA damage in specific target cells for particle-induced lung carcinogenesis. Therefore, rat
alveolar epithelial cells (RLE) were coincubated with PMN or hydrogen peroxide. Known to
be closely associated with carcinogenesis, 8-hydroxydeoxyguanosine (8-OHdG) was used as
an effect marker for oxidative DNA damage. Viability of the RLE cells, when coincubated
with PMN decreased to 40%, dependent on the ratio between PMN and RLE. After washing
off coincubated PMN, 8-OHdG levels in the RLE cells were significantly increased, although
the highest levels were observed in the washed off PMN fraction. In addition, to avoid
washing procedures, immunohistochemical analysis was used to measure 8-OHdG on a single
cell level specifically in RLE cells, and similar results were obtained. Moreover, inhibitor
experiments showed that the DNA-damage as observed in coincubations was reduced by the
addition of anti-oxidants. In conclusion, our data provide evidence that H:O; as well as ROS
released by PMN, cause oxidative DNA damage in alveolar epithelial lung cells. Whether this
process is involved in inflammation-related carcinogenesis during particle exposure remains
to be elucidated.

: Free Radical Biology & Medicine 27: 234-240, 1999.
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Introduction
There is evidence that reactive oxygen species (ROS) play an important role in the
relationship between inflammation and carcinogenesis (1-4). In the lung, alveolar and
bronchial epithelial cells are exposed to a variety of ROS from both exogenous (e.g. ozone,
cigarette smoke, asbestos) and endogenous sources, such as from the inflammatory phagocyte
respiratory burst. Inflammatory processes are thought to play a major role in the pathogenesis
associated with the inhalation of poorly soluble particles such as titanium dioxide, carbon
black or diesel soot (5,6). In the rat, such particle-induced inflammatory response is
characterised by a marked recruitment and subsequent activation of inflammatory phagocytes,
including polymorphonuclcar neutrophils (PMN). Increased generation and release of ROS
such as Superoxide ( ( ) / ), hydroxyl radicals (HO"), hydrogen peroxide (H;O;). and the
myclopcroxidase (MPO)-catalysed production of hypochlorous acid (HOC'l) is a characteristic
of activated PMN (7). These ROS can influence the carcinogenic process in several ways,
including by the modulation of genes that regulate cell growth and proliferation (8,9), and by
the induction of structural DNA damage in target cells (1,3,10). Especially hydrogen peroxide
iind hydroxyl radicals are thought to play an important role in phagocyte-induced DNA
damage, lor instance. H:O: is reported to cause "OH-mediated DNA single strand breaks in
various target cells (1.11). Moreover, increased levels of H;O; were found in exhaled air of
patients with pulmonary inflammatory diseases such as chronic obstructive pulmonary disease
(COPD) (12). An indication that these inflammation-associated ROS may also be genotoxic
in humans is provided by observations on the induction of oxidative damage in nude DNA by
bronchoulveolar lavagc (BAI.) fluid obtained from COPD patients (13).
In the rat, particle-induced recruitment of PMN has been related to the induction of
mutagenic effects in the I1PRT gene of pulmonary epithelial target cells (10,14). Further /«
W/rr> experiments using HAL cells from quartz-exposed rats indicated that PMN were much
more mutagenic to cocultured alveolar epithelial cells than alveolar macrophages. Moreover,
the nuitiigenic elYects caused by PMN could be inhibited by the addition of catalase (10),
indicating a role PMN-derived ROS, especially H;O;. Interestingly, these data could possibly
be linked to other recent //; Ww studies, reporting an induction of the premutagenic oxidative
DNA udducl S-hydroxydeoxyguanosine (8-OHdG) in lung cells of quartz-exposed rats.
Although this effect appeared to be related to an influx of inflammatory phagocytes (15), the
capacity of PMN to induce 8-OHdG specifically in alveolar epithelial target cells has not yet
been studied.
The aim of our study was to investigate the direct effect of ROS production by PMN
on oxidative DNA damage in rat alveolar type II epithelial cells (RLE), which is the specific
lung target cell from which particle-induced rat lung tumours are thought to be derived (5,10).
Therefore, we applied an /';»\i7ro model of lung inflammation, previously used to demonstrate
that activated PMN convert polycyclic aromatic hydrocarbons to DNA binding metabolites in
rat alveolar epithelial cells (16). In the present study this model, a coincubation of RLE with
PMN or hydrogen peroxide, was used to evaluate PMN-induced oxidative DNA damage in
these lung target cells. We used 8-OHdG. a premutagenic DNA lesion which is strongly
associated with the carcinogenic process (17), as a specific effect marker for ROS-induced
DNA damage. Both IIPLC'-IX'D and imnumohistochemistry were applied to detect 8-OHdG
in either target cells or PMN.

l'HAPTI-R 5

Materials and Methods

Phorbol-12-myristate-13-acetate (PMA) and 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis. MO). Hani's 112. Hanks'
Balanced Salt Solution (HBSS). foetal calf serum (FCS). HHPHS buffer and trypsin-EDTA
were purchased from Gibco/Life Technologies (Breda, The Netherlands), l.ymphoprep was
obtained from Nycomed (Oslo, Norway). TRITC-conjugated goat-anti rabbit antibody was
obtained from Dianova (Hamburg, Germany). Superoxide dismutase (SOD) and catalase
(Cat) were purchased from Boehringer (Mannheim, Germany). H;O:. DMSO and all other
chemicals were purchased from Merck (Darmstadt, Germany).

Immortalised rat lung alveolar type II cells (RLE) (18) were grown at 37 "C in Ham's F12
medium supplemented with 1% IM HEPES buffer and 5% heat inactivated Foetal Calf Serum
(FCS). Cells were used at near confluency. PMN were freshly isolated from the blood of one
healthy non-smoking male volunteer using gradient centrifugation (19). Lymphocytes were
removed and to the lowest layer, containing PMN and erythrocytes, cold lysis buffer (155
mM NHjCl, 10 mM KHCO,, 10 mM EDTA. pH 7.4) was added to lyse the contaminating
erythrocytes. PMN were suspended in Hanks' Balanced Salt Solution (HBSS) and counted
using a Biirker chamber. Viability was tested by means of Try pan Blue dye exclusion (0.4%).
PMN and solutions were kept on ice to avoid premature activation. This method consistently
yielded PMN with a viability > 95 %. For the experiments, nearly confluent monolayers of
RLE cells, grown in 175 cm" culture flasks, were used. Medium was discarded and HBSS (25
ml) supplemented with the PMN was added. For the coincubations equal numbers of RLE and
PMN were used (1:1 ratio). PMN were activated by phorbol-l2-myristate-l3-acetate (PMA,
100 ng/ml). RLE cells were exposed to PMN for 2 hours at 37 "C. Control incubations were
without PMN and/or without PMA. After incubation, PMN were washed off using three times
10 ml of cold (4 "C) HBSS. To check this procedure, coincubations were run in parallel on
Lab Tek II 2-chamber slides (Nunc, Life technologies). PMN were washed off and cells still
adherent on the slides were fixed, stained with Diff Quick and differentiated microscopically.
Using this methodology, the wash off procedures proved to be efficient (3.0 i 0.9 % PMN
left). PMN and RLE cell fractions were centrifuged and stored at -20°C until analysis. To
specifically investigate the role of H>O:, as it is a crucial PMN-derived ROS (3), RLE cells
were exposed to increasing amounts of H;O: (0-100 uM) suspended in HBSS. After two
hours cells were harvested as described above. Cytotoxicity of PMA, PMN and H;O; in RLE
was tested by the MTT colometric assay according to Mosmann (20) and Dong (21), and
which was described previously (16).
To investigate the effects of specific antioxidants on the PMN-induced oxidative DNA
damage, catalase (5000 U/ml) and/or Superoxide dismutase (SOD, 2500 U/ml) were added to
coincubations of RLE with PM A-activated PMN. Coincubations were performed as described
above. After 2 h incubation, unseparated cells were harvested by gentle scraping, centrifuged
and stored at -20 "C without further separation.

Harvested cells were lysed overnight at 37 T in 5 ml NEP/SDS solution (75 mM NaCI, 25
mM EDTA, 50 ug/ml proteinase K, 1% SDS). DNA from PMN and RLE was isolated as
described previously (22). The DNA was dissolved in 5 mM Tris-HCl (pH 7.4) at a final
concentration of 0.5 mg/ml. Oxidative DNA damage was measured using high performance
liquid chromatography with electrochemical detection (HPLC-ECD), according to Floyd (23),
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as described previously (22), and was expressed as the ratio of 8-OHdG to deoxyguanosine
(dG).

To
evaluate
possible
artefacts
introduced
by
the
washing-off
procedures,
immunohistochemistry was used to evaluate 8-OHdG formation on a single cell level
specifically in the RLE cells. Therefore, cells were seeded in Lab Tek II 2-chamber slides
(Nunc, Life Technologies), with a surface of 4 cm". At near confluency, the medium was
discarded, replaced by IIBSS and cells were exposed to PMN (1:1 ratio with RLE). Hydrogen
peroxide was used as a positive control for 8-OHdCi induction. After incubation for two hours
at 37 "(' slides were washed once in PBS (37 "C) without further rinsing the adherent PMN,
fixed for 30 minutes in 70% ethanol and stored at -80 "C. Immunohistochemical analysis of 8OllcKi was performed as described by Seiler et al (24). Briefly: Slides were rehydrated in 2 x
SSC (300 mM NaC'l. 30 mM sodium citrate, pH 7.4) and treated with RNAses (RNAse A.
200 ug/ml and RNAse T l . 50 units/ml) for I hour at 37 "C. The samples were denaturated for
5 minutes at 4 "C (70 mM NaOH, 0.14 M NaC'l. dissolved in 40% ethanol). Samples were
neutralised in PBS and Proteinasc K (2 ug/ml. 10 minutes at 37 "C") was used to denature
DNA-associutcd proteins. After blocking with PBS/20% BSA for 20 minutes the slides were
incubated overnight al 4 "C with the first antibody (rabbit anti-8-OHdCi) (15). and
subsequently incubated for 45 minutes at 37 "C with goat anti rabbit F(ab)2-fragment labeled
with rhodnmme isothiocyanate (TRITC. Dianova. Hamburg, Germany. 2 ug/ml in PBS/1%
BSA). I he specificity ol the antibody was shown previously by comparing its affinity
constant (A,'.«) (4.2x10*) with other (un)modified DNA/RNA-constituents including 8-OHguanosinc (2.1x10*). deoxyguanosine (1.0x10"), and guanosine (1.0x10") by competitive
radioimmunoassay (15). Moreover, binding of the antibody was shown to be restricted and
specific for DNA in lung tissue sections (15). The nuclear DNA was counterstained with
DAPI (4.6-diamino-2-phenylindole, 0.3 uM in PBS, pH 8.2). Fluorescence was visualised
using fluorescence microscopy (Zeiss Axiovert 135 TV, Oberkochen, Germany) and
quantilated by a imilliparameter image analysis system (Camera: Hamamatsu. Japan, ACAS
image analysis systems, (>. Ahrens. Bargteheide. Germany). (>n each slide, at least 100 cells
were counted. The TRITC signals were corrected for the corresponding DAPI-DNA
fluorescence and expressed as relative fluorescence units (RFU). In the coincubations.
fluorescence signals were measured specifically in the RLE cells. Slides were stained with
Diff Quick after fluorescence visualisation and the number of contaminating PMN still
attached on the slides was counted and never exceeded 3.5 % of total cells.

Results are expressed as mean t standard deviation. Spearman Rank correlation was used to
examine the dose response between H.-O; and 8-OHdG. Differences between groups were
determined using Mann-Whitney. Differences were considered to be statistically significant
when p v- 0.05.
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Results
Cytotoxicity assays indicated that exposure to hydrogen peroxide up to concentrations of 100
uM was not toxic to RLE (< 13% at 100 uM). However, at 500 uM cytotoxicity was nearly
100% (Figure la). Coincubated non-stimulated PMN were not cytotoxic to RLK cells.
However, when coincubated PMN were activated with PMA (100 ngml). the viability of the
RLE significantly decreased to 69% at a ratio between PMN and RLE of 1 : 1 (Figure lb).
This was further decreased to 43% at a ratio of 5 : 1. This effect was unlikely due to a direct
action of PMA on the target cells, since PMA alone at a concentration of 100 ng/ml was not
cytotoxic to RLE.

1000

120

B

100

I
1 :5

I : I

5:1

Ratio PMN : RLE

Figure I. A) Viability of RLE cells incubated for 2 h with hydrogen peroxide (1-500 jiM). Viability was tested using MI'lcytotoxicity assay. Data are expressed as mean t sd (n 2).
B) Viability of R H incubated for 2 h with activated or non-activated human PMN. Activation of PMN was performed by
PMA (100 ng.ml). PMN were washed off he litre measuring the viahilitv Data are expressed as mean i sd (n - 3). •
Significantly decreased compared to RI.I-. coincubated with non-stimulated PMN (p • 0.05).
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To investigate the ability of H:O; to induce oxidative DNA damage, RLE cells were
incubated for 2 hours with increasing concentrations of H;O: (Figure 2). The 8-OHdG levels,
determined by HPLC-ECD. were dose-dependently increased (Spearman, p < 0.05) to an
absolute level of 8.8 ± 3.0 per 10" dG at 100 uM H;O;. Similar results were obtained using
immunohistochemistry (Figure 3).
T a b l e I. Oxidalive D N A damage in RLK coincuhalcd lor 2 h with P M N (1:1 ratio).
RLE (background)

Coincubations

RLE»

PMN •

3.4 ±1.3

- PMA
+ PMA

7.9 ± 2.0"
8.5 ± 4.7«

7.6 ± 2.9
16.8 ± 6.6"

Data are mean ± SD (n = 6) and are expressed as 8-OHdti per 10" dG. * RI I• and PMN were separated uMcr coincubation.
'significantly different from Rl.F. background (p < 0.05). significantly different from unstimululcd PMN (p • 0.01).

150

S f 100
_ B
_
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50

Control

1:1

I I I PMA

Hallo PMN : KLK

Figure 4. Oxidative DNA damage in Rl.f- (n = 4) after incubation with I'MN. K-()lld(i was analysed using
immunohistochemistry and is expressed as relative fluorescence units of 100 cells/sample. Only fluorescence levels measured
specifically in RI.I-! are shown. Activation of I'MN was done by PMA.
• Significantly increased compared to Rl.I: (Control) (p «" 0.05).

To investigate the ability of PMN to induce oxidative DNA damage in RLE, we
incubated RLE for 2 hr with an equal number of PMN. The 8-OHdG levels were measured in
RLE by HPLC/ECD after washing off the PMN and were significantly increased to 7.9 * 2.0
per 10* dG (p < 0.05), compared with control incubations (Table I). Activation of the PMN
with PMA further enhanced DNA-damage (8.5 ± 4.7 8-OHdG/10'' dG). Control experiments
demonstrated that PMA had no direct effect on 8-OHdG levels in RLE. The 8-OHdG level in
the washed off, unstimulated PMN fraction was 7.6 ± 2.9 per 10* dG and was significantly
increased to 16.8 ± 6.6 per 10" dG (p < 0.01) in activated PMN (Table I). Since the wash off
procedures could introduce an underestimation of the real 8-OHdG level in the RLE,
especially if non-viable RLE cells are lost, a specific antibody raised against 8-OHdG was
used to investigate oxidative damage directly in the RLE on a single cell level, thereby
avoiding washing off PMN. The background 8-OHdG level in the RLE measured using this
antibody-assay was 85 ± 9 relative fluorescence units (RFU). This was increased to 116 ± 46
RFU when the target cells were exposed to PMN (1:1 ratio). A further, and significant
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enhancement of oxidative DNA damage (to 140 ± 9 RFU, p < 0.05) was seen when the PMN
were activated with PMA (Figure 4).
Inhibitor experiments with specific antioxidant-enzymes showed that catalase (5000
U/ml) alone did not reduce oxidative DNA damage in non-separated coincubations, whereas
SOI) (2500 U/ml) reduced the formation of 8-OHdG by 40 %. A combination of catalase and
SOD gave a reduction of about 50% compared to coincubations without antioxidants (Figure
5).

120

1

HO

•

< <mtro)

CttÜMe

SOI)

C m l u i • SOD

figure 5. Oxidulkc DNA dnmnge in coincuhalions of Kl I and activated I'MN (I : I) in the presence of anti-oxidant
i'n/\mes (cululiisc. VKI0 11 ml; SOI), 25(H) 11 ml) alone or in combination Oxidalivc DNA damage »as determined h\ HIM C
in uiiscpuriilcd cell-scrapings und is expressed us percentage of control ( coincuhalion ' I'MA. uilhout anli-oxidanls).
* Si|tnilicunll> dilTcrcn! from control (p 0.115).

Discussion
The objective of this study was to investigate the direct cytotoxic and genotoxic effects of
PMN on lung target cells using an IM VI/W model coincubating rat alveolar epithelial cells
with freshly isolated human PMN. We showed that activated PMN induce injury to alveolar
epithelial cells leading to loss a of viability which was related to the number of coincubated
I'MN. Furthermore, using IIPl.C'TX'D and immunohistochemistry, we showed that PMN
were able to cause formation of 8-OHdG in Rl.K, which is a specific and relative stable DNA
lesion induced by hydroxyl radical attack of the guanine base (23,25). No data are available
on the DNA-repair capacity of this cell line (RLE), but Takeuchi et al. showed that the halflife of 8-OlldG in lung fibroblasts was about 6 hours (26). Therefore, it seems justified to
assume that the 8-OHdG levels induced in RLE are not significantly affected by repair during
the 2 hours incubation. Separate analysis of 8-OHdG in the PMN showed that activation by
PMA also enhanced oxidative DNA damage in the PMN itself, which is in accordance with
Floyd et al (23). To avoid washing procedures we also used an antibody raised against 8OHdG to evaluate the oxidative DNA damage specifically in RLE after coincubation with
PMN. Similar results compared to the 1IP1 (.' 1X1) analysis were observed, except for the
background level of 8-OHdG in RLE. which seems relatively higher in samples analysed
using imimmohistochcmistry. This difference may be explained by non-specific binding of
the antibody, which has indeed a moderate cross-reactivity to unmodified guanine (15). Many
candidate ROS nun be involved in oxidative DNA damage in the RLE and PMN itself,
including hypochlorous acid (IKX'l). H;O; or peroxynitrite (ONOO ). which is produced by
the reaction of NO' with O;" (27). However, it is unclear which ROS released by PMN. is
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responsible for the induction of 8-OHdG. The most likely candidate, the hydroxyl radical
(23). is so reactive that when it is generated extracellularly it cannot reach the nucleus to
induce damage. However, other studies using non-pulmonary target cells have suggested that
extracellular H;O; generated by PMN is able to diffuse through the membrane into the target
cell, were it is responsible for the generation of'OH in direct vicinity of the DNA (3,28,2*)).
This is supported by our observations that extracellular reagent hydrogen peroxide induces the
formation of the "OH specific DNA lesion 8-OHdG in the RLE at levels at which no
cytotoxicity is yet observed. On the other hand, in a mixture of RLE and PMN the
involvement of other ROS (mainly O;"") is suggested, since only SOD but not catalase is able
to reduce oxidative DNA-damage in these samples. However, these data probably mainly
reflect an effect of the anti-oxidants on the 8-OHdG levels in the PMN themselves, since
these are shown to be 2x higher than in the RLE cells (Table 1). Although alveolar type II
cells ;'n w'/rw are relatively well protected against oxidant stress (30,31), we showed that
freshly isolated, and unstimulated PMN were able to induce 8-OHdG in these cells (Figure 4,
Table 1). On the other hand, we also showed that PMN-induced loss of viability in epithelial
cells was only observed after additional activation with PMA. This implies thai freshly
isolated, unstimulated PMN I'/I v/fw already release ROS leading to oxidative DNA damage in
target cells. Moreover, it suggests that viability loss of RLE elicited by PMN is not simply the
result of ROS release, but also involves additional activation of the PMN, which is
characterised by the adherence to the epithelial cell monolayer and subsequent release of
proteolytic enzymes, such as lysosyme, collagenase and elastase leading to hydrolysis of cell
walls and matrix degradation (32). This is supported by data of Simon et al (33) who showed
that neutrophil-mediated killing of rat alveolar epithelial cells required tight adherence of the
activated PMN to the epithelial cells and did not involve ROS released by the PMN.
In summary, we demonstrated that PMN J/J nfro cause induction of 8-OHdG in the
DNA of rat alveolar epithelial cells. These effects could be mimicked using hydrogen
peroxide as a model compound for the respiratory burst of the PMN and the inflammatory
status of diseased lungs (10-12). Our results indicate that influx of PMN in the lung poses a
genotoxic risk to epithelial lung cells, because 8-OHdG, as an effect marker for oxidative
DNA damage, is known to induce base mispairing leading to mutations (34). Moreover, our
data are complementary to recent ;n v/'w studies with rats, suggesting a role of PMN in
alveolar epithelial oxidative DNA damage and mutagenesis after quartz exposure (10.15).
Future experiments will further concentrate on the implication and mechanism of PMNinduced oxidative DNA damage in lung target cells after particle exposure.

We acknowledge dr. Kevin E. Driscoll of the Procter & Gamble company, Miami Valley
Labs, Cincinnati (OH) for providing the RLE cells. Furthermore, we thank Prof. Jos Kleinjans
for critically reviewing the manuscript.
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Chapter 6
Mechanisms of neutrophil-induced DNA damage in
respiratory tract epithelial cells

Ad M Knaapen, Roel PF Schins. Dilnya Polat. Andrea Becker, Paul JA Bonn
Department of Fibre & Particle Toxicology. Medical Institute of Environmental Hygiene. Auf
'm Hennekamp 50, 40225 Düsseldorf, Germany

Abstract
Reactive oxygen species (ROS) released by polymorphonuclear neutrophils have been
suggested to play an important role in cancer development. Since the mechanisms underlying
this effect in the respiratory tract are still unclear, we evaluated DNA damage induced by
neutrophils in respiratory tract epithelial cells w vi/ro and IM v/vo. For IM vi7ro studies, rat lung
epithelial cells (RLE) were co-incubated with activated neutrophils, neutrophil-conditioned
medium, or hydrogen peroxide. ForIM viV« studies, we considered the human nose as a target
organ, comparing neutrophilic inflammation in the nasal lavage fluid with the oxidative DNA
lesion 8-hydroxydeoxyguanosine (8-OHdG) in epithelial cells obtained by nasal brush. Our IM
vi7ro data show that human neutrophils are able to induce both 8-OHdG and strand breaks in
DNA from RLE cells. Our data also suggest that DNA damage induced by neutrophils is
inhibited when neutrophil-derived H;O; is consumed by myeloperoxidase. In contrast, in the
nose no association between neutrophil numbers and 8-OHdG was found. Therefore, it
remains unclear whether neutrophils pose a direct genotoxic risk for the respiratory tract
epithelium during inflammation, and more IM VIVO studies are needed to elucidate the possible
association between neutrophils and genotoxicity in the lung.

Äaverfo«: Molecular and Cellular Biochemistry 234/235: 143-151, 2002.
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Introduction
Inflammation has been recognised as an important factor in cancer development [1].
However, for the respiratory tract the mechanism underlying this carcinogenic response is still
unclear. It is postulated that reactive oxygen species (ROS). derived from inflammatory
ncutrophils (I'MN) play a key role in lung tumour formation in particle-exposed rats [2.3).
Upon activation, ncutrophils and other phagocytes generate Superoxide ( ( > ' ) by the reduction
of oxygen, a reaction catalysed by the enzyme NADPH-oxidase. During this "respiratory
burst' the action of additional neutrophilic enzymes, such as Superoxide dismutase,
myclopcroxidase and nitric oxide synthase will give rise to basically four oxidants:
supcroxidc, hydrogen peroxide (H:O:), nitric oxide (NO') and hypochlorous acid (HOCI),
which arc originally manufactured for killing invading micro-organisms [4j. Studies
performed by Weit/man and Weitberg in the early eighties showed that products of the
respiratory burst of ncutrophils can induce cytogenetic changes as well as malignant
transformation in target cells. These findings clearly contribute to the hypothesis that
inflammation and carcinogenesis are linked via ROS-induced damage to target cellular DNA
|5.6|.
ROS arc supposed to be involved in carcinogenesis by their capacity to induce
genotoxic effects to cellular DNA |7|. Apart from testing single reactive oxygen or nitrogen
species, another approach is to apply /« W/r» models in which target cells are co-incubated
with ncutrophils. Larly work using these models demonstrated that ncutrophils are able to
induce sister chromatide exchanges in co-cultured target cells [5]. Shacter et al. [8] showed
that ncutrophils induce strand breaks in neighboring cells, and they suggested that hydrogen
peroxide is the essential mediator of these effects. More specifically, hydroxyl radicals ('OH),
intracellularly produced either from l l : O j by I'cnton chemistry or by decomposition of
peroxynilrite (ONOO, a product ol ();' and NO'), are thought to be the most likely ROS
responsible lor these ncutrophil-mcdiatcd DNA damaging effects [9,10]. This is further
confirmed by experiments performed in our laboratory, demonstrating that neutrophils cause
induction of the "Oil specific DNA base lesion 8-hydroxydeoxyguanosine (8-OHdG) in
alveolar type II cells />» W/ro [ I I ] . These findings are also in line with observations in rat
lungs, where increased levels of 8-OHdG were found in alveolar cells during particle-elicited
inflammation [12].
In rats, chronic exposure to poorly soluble particles can lead to tumour formation, and
genetic alterations induced by neutrophil-derived oxidants as well as increased cell
proliferation are thought to be key factors in this process [13]. However, recent studies on
particle-exposed rats demonstrated that mutagenicity in lung epithelial cells was only
observed aller crystalline but not amorphous silica exposure, despite an equal high degree of
inflammation (50% neutrophils in B A D . suggesting that neutrophilic inflammation alone was
not enough to cause these genotoxic effects in lung epithelial cell DNA [14]. Therefore, it is
still speculative whether neutrophils directly contribute to genotoxicity in lung epithelial cells
»» Ww>, and whether this process might occur in humans [15]. It was the purpose of the
present study to employ the human nose, as an easily accessible part of the respiratory tract to
study the relation between neutrophils and DNA damage in respiratory tract epithelial cells /«
Ww>. The i« vm> data are linked to recent m vi'/ro observations, to further elucidate the
processes possibly involved in direct neutrophil-induced DNA damage in respiratory tract
epithelial cells.
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Materials and Methods

Diaminobenzidine-tetrahydrochloride (DAB), Hanks' balanced salt solution (HBSS),
Ethidium bromide. Ham's F12 and RPMI medium, HEPES butTer. Fetal calf senim (FCS). 3(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MIT). Phosphate buft'ered
saline (PBS) and Trypsin/EDTA were all obtained from Sigma (St. Louis, MO). Hydrogen
peroxide (H;O;) was purchased from Fluka (Germany) and RNAse was obtained from
Boehringer (Mannheim, Germany). Agarose, horseradish peroxidase (HRPO), gimiacol,
sodium azide, and phorbol-12-myristate-13-acetate (PMA) were purchased from Sigma. All
other chemicals were from Merck (Germany) and were of highest purity.
Ce// r «//wre am/ co-zw
Rat lung epithelial cells (RLE), kindly provided by Dr. K. Driscoll. and were cultured in
Ham's F12 medium, supplemented with 1% IM HEPES buffer, 1% penicillin/streptomycin
solution (Sigma) and 5% heat inactivated FCS [ 16). Cells were routinely grown in 75 cm" cell
culture flasks and passaged twice a week. Culture medium was refreshed every 2 days.
Experiments were always performed between cell passages 40-55. Co-incubation experiments
were performed as previously described [II]. RLE cells were either seeded in 175 cm' flasks
for 8-OHdG analysis (final volume 25 ml, 8.75x10' PMN/ml) or in 24-well plates for DNA
strand breakage analysis (final volume 400 ul, 5.5x10^ PMN/ml). The freshly isolated human
peripheral blood neutrophils were added at a ratio of 1:1 to a confluent monolayer of RLE
cells (considering that a confluent culture plate contains about 1.25x10 RLE cells per cm").
Cells were co-incubated for 2 hours in HBSS. Neutrophils were activated with PMA (100
ng/ml) as a direct activator of protein kinase C to elicit a respiratory burst. After incubation,
neutrophils were washed off using PBS (4°C), and RLE cells were harvested by trypsin for
further analysis. Microscopic differentiation of cytospin preparations from harvested RLE
cells proved that washing off procedures were efficient In some experiments, RLE cells were
exposed to cell-free supematants obtained from PMA-activated neutrophils ( neutrophilconditioned medium). Therefore, 2.2x10 neutrophils were seeded in 400 ul HBSS and
activated by PMA. This represents a same neutrophil concentration as used in the
coincubations performed in 24 well plates for DNA strand break analysis. After lh, the
supematants were taken and used for incubation with the RLE cells (2h). Hydrogen peroxide
(0-100 uM) was used as a positive control for both 8-OHdG and strand break formation.

Cytotoxicity of oxidants was tested using the MTT colorimetric assay according to Mosmann
et al. [17], and was described previously [18]. Briefly, oxidants were dissolved in HBSS,
added to the cells (seeded in 96-well plates) and incubated for 2 hours (37"C, 5% CO;). Then,
25 ul of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl-tetrazolium bromide (MTT, 2 mg/ml),
dissolved in PBS was added, and incubated for another 2h. Finally, HBSS-solutions were
removed and formazan chrystals were dissolved in DMSO and absorption was measured
using a microplate reader (Labsystems) at 540 nm. Toxicity was calculated as % of control.
q^/ivaro^ew pero.nV/e a
Hydrogen peroxide was measured according to the method described by Pick and Keisari
[19]. For all measurements neutrophils were used at the same concentrations as used for the
co-incubations (5.5x10^ cells/ml). Neutrophils were suspended in HBSS containing 8.5 U/ml
horseradish peroxidase and 0.28 mM phenol red, and plated in 24-well plates. Cells were
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activated by PMA (100 ng/ml) with or without sodium azide (50 uM). After incubation (2h).
cells were ccntrifuged, and to 500 ul of the supernatant 5 ul of IM NaOH was added.
Absorption was measured at 610 nm using a spectrophotometer (Beckman) and final
concentrations were calculated from a standard curve of H;O;. In other experiments,
supematants from ncutrophils activated with PMA were used to determine accumulation of
hydrogen peroxide. Therefore, neutrophils were incubated for 2h in the presence of PMA or
azide. Supernatant* were subsequently
used to measure hydrogen
peroxide
spectrophotometrically according to the method of Gallati and Pracht [20J. Absorption was
measured at 450 nm using a microplate reader (Multiskan. Labsystems). In the same
supematants, accumulated myeloperoxidase (MPO) activity was assayed according to
Klchanoff ct al. |2I |. Therefore, 50 ul was mixed with 450 ul MPO assay solution, containing
107.6 ml IM), 12 ml sodium phosphate buffer (0.1 M). 0.192 ml guaiacol. 0.4 ml H?O; (0,1
M). The generation of tetra-guaiacol was measured spectrophotometrically (Beckman) at 470
nm and the change of optical density per minute was calculated from the initial rate. MPO
activity was expressed as mU/ml.
DM4 .t/r«m/ Ar«/* anci/v.ttoft'wmt'/<mav)
DNA strand break formation in RLE cells was determined by the comet-assay [22,23], as
follows. Fully frosted slides were covered with a layer of 0.65% agarose using a coverslip and
stored overnight at 4"C RLE cells were harvested from the 24 well plates using trypsin and
were then suspended in IIBSS. C'ytotoxicity in RLE cells caused by exposure procedures and
subsequent cell processing was evaluated using Trypan Blue dye exclusion. Subsequently, 25
ul of the cell suspension (2xl()'' cells/ml) was mixed with 75 ul 0.5% low melting point
agarose. This mixture was then added to the slides, on top of the first agarose layer using a
coverglass. Slides were stored 45 minutes at 4"C to allow solidification, and covered with
another layer of low melting point agarose (100 ul). Following solidification for at least 45
minutes at 4"C\ slides were immersed in lysis bufler (2.5 M NaC'l. 100 mM EDTA, 10 mM
Iris-base, 1% Sodium Lauryl sarcosinate, pll 10; 10 % DMSO and 1 % Triton X-100 added
just before use) and stored overnight at 4°C. The following day, slides were rinsed with
distilled water and placed in an electrophoresis tank filled with ice-cold electrophoresis bufler
(MM) mM NaOll. I mM EDTA. pll 13) for 30 minutes, Electrophoresis was conducted at 300
mA and 25 V for 15 minutes. Slides were then neutralised 3 x 10 min using neutralisation
bufler (0.4 M Tris. pll 7.5). All steps described were performed in the dark to prevent
additional DNA damage. Slides were stained with ethidium bromide (20 ug ml in H;O) and
comet appearances were analysed using an Olympus BX60 fluorescence microscope at IOOOx
magnification. Samples were tested in dulplicate within each experiment. On every single
slide, 50 cells were analysed randomly, and classified into one out of five categories
according to tail length (0,1.2,3.4. in which 0 = no tail). For final analysis a 'comet-score" of
each individual slide was calculated: (.VM»H7 A w e - .vi/mf<7<j.v.v / tv//.v + t7a.w 2 «7/.v v J +
c/tw.v .* ct7/.v v J •• r/ci.v.v 4 cW/.v .v 4). Using this formula a maximally damaged sample obtains
a comet score of 200. Data were expressed as mean (+ sd) from 3 individual experiments.
A'd.v«;/ /«»'en,'«' <m</ nw.vu
To extend our /'w v«fr«> observations to an i« »•»»•»> situation, we studied the association between
nasal inflammation (total cell count, neutrophil numbers) and the induction of 8-OHdG in
nasal epithelial cells from SO children selected from a larger cohort sampled in
Nordrheinland-Westfalen (Germany). Onl\ children without hay fever or specific allergy,
based on questionnaire and skin-prick test to 5 common allergens were included for this
study. Nasal lavage and processing of lavage fluid was described by Keman et al. [24], except
that 5 ml of fluid was instilled in a single nostril. Inflammatory effects were assessed by
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counting total number of cells and the proportion of neutrophils, eosinophils, lymphocytes
and monocytes, and by measuring interleukin-8 (IL-8) concentration in nasal lavage fluid,
using ELISA [24]. To obtain nasal epithelial cells, the ventral surface of the inferior nasal
turbinates was brushed using an interdental brush (Deflogrip). The brush containing the
epithelial cells was immediately immersed in RPMI medium (4 °C), and cells were removed
from the brush by shaking followed by vortexing. Cells were centrifuged (600 g, 5 min.),
resuspended in 300 ul HBSS of which 200 ul was further diluted in 600 ul Carbowax-buffer
(0.8% polyethyleneglycol in 70% ethanol). From this suspension cytospin preparations were
made (Shandon, 800 rpm, 5 min). Slides were dried on air (30 min), fixed in 100% aceton (20°C, 5 min), and stored at -80°C until analysis for 8-OHdG. For final analysis 80 non-allergic
children were selected based on total cell numbers present in the nasal lavage and grouped
into 4 quartiles. Levels of 8-OHdG in subjects from the upper (n = 30), the two middle (each
n = 10), and the lower (n = 30) quartiles were then analysed as described below.

Oxidative DNA damage in RLE cells after exposure to either oxidants or neutrophils was
assessed by measuring 8-OHdG. DNA from RLE cells was isolated and processed as
described elsewhere [11], and 8-OHdG was then measured by high performance liquid
chromatography with electrochemical detection (HPLC-ECD) as described by Schins et al.
[25|. Similar analysis in nasal epithelial cells was not possible due to the low amount of
sampling material. Therefore, we applied a semi-quantitative immunostaining for 8-OHdG
described by Knaapen et al. [26], with minor modifications. 8-OHdG was detected using a
monoclonal antibody (N45.1) [27]. Subsequently, staining was developed using an ABC kit
(Vectastain, Vector Laboratories, USA). Slides were mounted with Depex (Boehringer,
Germany), and staining of 8-OHdG was then visualised and quantified using a microscopecoupled software analysis system (Soft Imaging System, Germany). Staining contrast
distribution of 100 epithelial cells per slide was measured and used to determine 8-OHdG
levels.
Results and Discussion
on cy?/7Ae/ia/ re// v/'a/»///7v aw</ DM4
Since neutrophil-induced DNA damage is thought to be mediated by the release of hydrogen
peroxide [8], we evaluated both cytotoxicity and DNA damage induced by this compound in
lung epithelial target cells. When RLE cells where exposed to increasing concentrations of
hydrogen peroxide a clear dose dependent loss of cell viability was observed. The
concentration necessary to induce a 50% decrease in viability (LCso) was 175 uM. Already at
non-toxic concentrations of 10 uM H;O;, 8-OHdG levels and DNA strand breaks were
increased by respectively 150% and 130% compared to controls (Data not shown). These data
indicate that in RLE cells DNA damage is detectable at low, non-cytotoxic levels of hydrogen
peroxide. Therefore, these cells can be considered as a sensitive target to investigate
genotoxic effects of neutrophil-derived oxidants.
« /« v/7ro co-/
Recently, we developed a co-incubation model to study the mechanism of the genotoxic
effects of neutrophils (PMN) on lung epithelial cells. In this model, we focussed on rat
alveolar type II epithelial cells (RLE), because it is the cell type from which tumours are
thought to be derived as a result of particle-induced neutrophilic inflammation in rat lungs
[28]. When RLE cells were co-incubated with PMA-activated neutrophils, an increase in the
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'OH specific DNA adduet 8-OHdG was observed in the RLE cells [11]. Here, we showed that
DNA strand breaks were also induced (Figure I).
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Various studies indicated that H;(): plays an important role in PMN-induced DNA
strand breakage and DNA base modifications (8-10). Common opinion is that H;O; generated
by neutrophils serves as a latent form of'OH, which attacks cellular DNA (9,10). Hydrogen
peroxide is relatively stable and is shown to cross cellular membranes. Moreover, it can
penetrate the nucleus where 'OH can be generated in the vicinity of a DNA molecule via the
Fenton reaction [29|. In our co-incubation model, as used to detect DNA strand breaks,
neutrophils maximally produced H:(); reaching concentrations of 29.5 ± 6.9 uM after 2 hours
(Table 1A). At this ratio strand breaks (comet-score) in target cells increased about 2-fold
compared to unexposed cells (Figure I). In contrast, when RLE cells were exposed to 25 uM
hydrogen peroxide solution. DNA damage was increased 3.5-fold, without causing
cytotoxicity (data not shown). Although it is difficult to really compare effects induced by a
single bolus ofll.-O; with efleets as induced by a flux of H;O; (PMN), a possible explanation
for the observed differences might be the fact that in neutrophils part of the hydrogen
peroxide is consumed by the enzyme myeloperoxidase (MPO). Therefore, not all of the H;O;
as measured during the incubation (Table 1A), may be available to interact with the target
cells. Indeed MPO. which is a haeme peroxidase present in the azurophilic granules of
neutrophils. normally uses up to 70°o of the neutrophil-derived H;O; to generate the strong
oxidant IKK1 |.W|. This is partly illustrated by the data shown in Table 1A: addition of the
MPO inhibitor sodium a/.ide increased the concentration of PMN-released I R K The effect of
MPO is further demonstrated b\ the data shown in part B of table 1: accumulation of H;O; in
neutrophil-conditioned medium was only observed in the presence of the MPO inhibitor
sodium a/.ide. As a consequence, cell-free conditioned medium obtained from neutrophils.
was onl\ able to induce DNA strand breaks in RLE cells when it was derived from
neutrophils that were activated in the presence of sodium azide (Figure 2). This effect is not
caused by a possible inhibition of cellular catalase. since azide at this concentration (50 uM)
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did not increase H;(>-induced DNA strand breaks in RLE cells (data not shown).
Schraufstätter et al [9] demonstrated that the product of the MPO-catalysed reaction of H?O:
and Cl. HOCl, was not able to induce DNA damage in target cells, whereas others only found
HOCl-mediated DNA strand breakage at non-physiological, cytotoxic doses [31], Moreover,
it should be emphasised that HOCl is very reactive and is able to react with any cellular target
before it reaches the nucleus [32]. Such a mechanism implies that the activity of MPO
actually protects lung cells from neutrophil-elicited DNA damage by conversion of the stable
and genotoxic H;O; into the more cytotoxic HOCl (9). Furthermore, our data indicate that
induction of DNA damage by neutrophils can only occur when neutrophil-derived H;O; is
produced in direct proximity of the target cell where it can be captured, preventing a
premature reaction with MPO or other extracellular components, such as catalase or
glutathione.
TaMc I Release of hydrogen peroxide and myclopcroxidase by activated nculrophils.

During incubation*

Neutrophils
Neutrophils+PMA
Neutrophils+PMA+NaN,

Neutrophil-condittouod medium"

H;O; (uM)

H:O; (uM)

MPO (mil/ml)

4.0(2.9)
29.5 (6.9)»
41.5(2.8)"

0
0.1 (0.1)
19.7(0.2)'

0
20.8(1.3)"
0.6(0.1)

* H;O; »as measured according to Pick cl al. | I 9 | : Neutrophils (5.5x10 cells/ml) »ere incubated in the presence uf an
excess of horseradish peroxidasc. »hat at least partly avoids loss of ll;(); due to activity of neulrophil-derived pcroxidascs
such as myelopcroxidasc (MPO). Cells »ere activated with PMA (100 ng/ml). Data are expressed as mean l sd.*p<O.OS vs.
neutrophils. **p- 0.01 vs neutrophils (T-lest).
* Neutrophils (5.5x10* cells mil «ere incubated for 2h in MUSS. After incubation, cells »ere ccntrifuged and supernalants
were used for detection of both accumulated MI'O and hydrogen peroxide. Sodium a/ide NaN, (50 uM) »as used to inhibit
MPO. II;O; and MPO levels are expressed as mean f sd. "p-0.01 vs. neutrophils. and neulrophils i I'MA. "p- 0.01 vs.
neutrophils (I-test).
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Figure 2. DNA-strand breakage in Rl.l: cells exposed to ncutrophil-conditioned medium. Nculrophils (2.2x10 cells in 400
Ml HBSS) were incubated lor Ih. and activated with PMA (100 ng/ml) with or without sodium a/ide (NaN,. 50 uM). The
cell-free supematants from these neutrophils (= ncutrophil-conditioned medium) »ere subsequently transferred to RI.I-; cells
grown in 24 well plates and incubated for another 2h. Strand breaks in the Rl.l. cells »ere then assessed using the comet
assay, and are expressed as comet score. Azide and PMA alone did not have an effect on UNA damage. (Ctrl MUSS only).
*p<0.0l vs. control (Ctrl) or without azide (T-lest).
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Although our m v/fr« experiments indicate that oxidants released by activated neutrophils are
able to induce (oxidative) DNA damage in epithelial lung cells, only few data have described
this association for the lung epithelium J'/J wvo. In rats, levels of 8-OHdG or mutations in the
HPRT gene, both observed in lung epithelial cells after particle exposure, were positively
correlated with the percentage of neutrophils present in the BAL fluid [12,3]. For humans
however, it is even more complicated to study whether neutrophils directly cause DNA
damage in lung epithelial cells, merely since this necessitates invasive techniques. However,
in earlier studies, we and others showed that the nose is an easy accessible part of the
respiratory tract and a valid model to investigate inflammatory and genotoxic effects caused
by exposure to environmental air pollutants [33,34}. Moreover, Graham et al. showed that
ncutrophil influx in the nose can be suggested as a good predictor of the situation in the lower
lung 115). Therefore, in an attempt to elucidate the possible involvement of neutrophils in the
induction of DNA damage in respiratory tract epithelial cells in a human situation, we
analysed both ncutrophil numbers and levels of oxidative DNA damage in the nose from 80
non-allergic children. Nasal lavage was used to obtain information about the inflammatory
status of the nose (total and differential cell count, neutrophil numbers, IL-8 concentration).
Furthermore, from the same subjects, nasal epithelial cells were obtained by a nasal brush to
determine K-()lld(i using immunohistochemistry (Figure 3).

r «*<
KlgMrr 3. Representative picture of M-OlhK) staining in nasal epithelial cells. 8-OH<Ki was detected using a specific antibody
us described in the methods section. Staining contrast distribution of 100 epithelial cells per slide was measured and used to
cnlctilule a score weighed for the inlensil\ ol the staining Onl> cells exhibiting a clear epithelial morphology, as shown in the
picture, wore used for quantification. I'icture was taken at KMMK magnification.

Subjects were selected and grouped into 4 quartiles based on total cell number in nasal
lavage (Table 2). Total cell number ranged between 5.8x10' cells/ml in the lowest quartile to
approximately 5x10' cells/ml in the upper quartiic. Interestingly, the neutrophil numbers were
closely related to the concentration of intcrleukin-8 (IL-8) in nasal lavage fluid (Table 2),
supporting the possible role of 11.-8 as a neutrophil chemotactic factor in the nose [36.37].
Furthermore. Steorenberg et al. [37.38] showed that neutrophil numbers correlated with the
myelopcroxidase concentration in the nasal lavage. indicating that neutrophils present in the
nose tire activated, a process in which oxidant generation is accompanied by MPO release
[30|. As shown in table 2. approximately 80% of the total cells were neutrophils. and no
statistical difference in percentage was observed between the 4 quartiles. Since this approach
as such mimics a dose-response for neutrophil-induced effects, we hypothesised that a higher
neutrophil count would be accompanied by an increased level of oxidative DNA damage.

KM

However, as illustrated in figure 4, no relation was found between total neutrophil
numbers present in the lavage and the level of 8-OHdG in the epithelial cells. This finding
seems to be in conflict with the general consensus on the link between neutrophils and
genotoxicity as observed in rat lung target cells cf. Greim et al. [15). There are several
possible explanations for this discrepancy. First, in the nose, the sampling site of the
neutrophils might be slightly different from that of the target cells. The sampled neutrophils
might therefore not have been in close contact with the sampled epithelial target cells. This
adhesion is thought to be a crucial factor not only in neutrophil-induced cytotoxicity |39|, but
also in genotoxicity. as indicated from our present wi vi/ro data: Whereas PMN can induce
DNA damage in coincubated epithelial cells, this effect was absent when epithelial cells were
incubated with neutrophil-conditioned medium. This observation could at least partly be
explained by the consumption of the genotoxic H:O; by MPO. As myeloperoxidase is present
in nasal lavage fluid [37,38], this process could also occur in the nose, suggesting that
diffusion of neutrophil-derived hydrogen peroxide to epithelial cells is prevented. Secondly,
apart from possible neutrophil-derived oxidants, the nasal epithelium is directly exposed to
oxidant gasses (e.g. ozone, N(\) and other pollutants present in ambient air (e.g. paniculate
maner). These factors can generate oxidants in the human nasal compartment possibly leading
to direct, neutrophil-independent oxidative processes such as aromatic hydroxylation or
epithelial DNA damage 140,34].
Table 2 Characteristics of non-allergic children selected for comparison of nasal inflammation and DNA damage. Dalu lire
mean and standard error of the mean.
Quart lies (total cells in
nasallavage)
Number subjects
Age (yrs)
Total cells x 10' •
Neutrophils (%)
IL-8(pg/ml)'

< 25'* percentile

30
6.4 ±
5.77 ±
79.3 ±
685 ±

25-50*
percentile

50-75*
percentile

10
0.4
0.53
3.3
164

6.4 ±0.3
21.87 ±2.46
89.4 ± 1.7
838 ± 177

10
6.4
62.85
75.7
1,408

± 0.5
±8.12"
± 9.1
±291"

>75'"
percentile

30
6.4 ±0.3
496.9 ± 97.2"
77.0 ± 1.7
1,641 ± 216"

• Statistical!) different between groups. ANOVA (P- 0.05).
' Statistic-all) different from 25'" and 25'*-5O'* percenlile, ANOVA. LSD posthoc lest (P<0.01).

Conc/ws/ons
One of the main characteristics of ROS is their ability to induce structural changes in DNA
[7]. To investigate neutrophil-induced genotoxicity many studies have focussed on the direct
effects of single reactive oxygen species on DNA damage in target cells. However, to
evaluate the genotoxic hazard of neutrophil-derived oxidants, models are needed that
investigate the neutrophil-derived products as an entirety and not merely as single factors.
Using such an //i v/Yro co-incubation model, we demonstrated that neutrophils have the
capacity to induce DNA damage in lung epithelial cells. Moreover, we showed that DNA
damage by neutrophils can only occur when neutrophil-derived H2O: is produced in direct
proximity of the target cell, preventing a premature reaction with MPO or other neutrophil
derived components. In contrast, our //1 vivo studies on the human nasal compartment could
not demonstrate a link between neutrophils and DNA damage in nasal epithelium. Although
this lack of correlation can partly be explained by our in v//ro observations, it remains unclear
whether neutrophils are directly genotoxic towards human lung epithelium /n vivo, and more
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studies are needed to demonstrate the significance and to elucidate the role of neutrophils in
the induction of DNA damage in epithelial cells of the human respiratory tract.

()r. Kevin Driscoll is acknowledged for providing the RLE cells. We thank Astrid Winzer for
her technical assistance. This study is partly supported by DFG project BO-1657, and
biological samples were obtained in the course of a health effect screening program in
Nordrhcin-Westfalcn. supported by the Ministry of Environment and Local Planning
(MURL). We acknowledge the participation of all study-subjects, the Landesumweltamt in
l-ssen (Ciennany), and (ieorg Eberwein for his coordination of the epidemiological study.
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Chapter 7
DNA damage in lung epithelial cells isolated from rats exposed to
quartz: role of surface reactivity and neutrophilic inflammation

Ad M Knaapen', Catrin Albrecht'. Andrea Becker'. Doris Hohr', Astrid Winzer',
Guido R Haenen'. Paul JA Bomi', Roel PF Schins'.
'Department of Fibre & Particle Toxicology. Medical Institute of Environmental Hygiene,
Düsseldorf, Germany. "Department of Pharmacology and Toxicology.
Maastricht University, Maastricht, The Netherlands

Abstract

Respirable quartz has been classified as a human lung carcinogen (1ARC, 1997). However,
the mechanisms involved in quartz-induced carcinogenesis are still unclear. The aim of the
present study was to investigate acute DNA damage in epithelial lung cells from rats exposed
to quartz. Since surface reactivity is considered to play a crucial role in the toxicity of quartz,
the effect of surface modifying agents polyvinylpyridine-N-oxidc (PVNO) and aluminium
lactate (AL) was evaluated. Therefore, rats were instilled with quartz (DQI2, 2 mg/rat) or
quartz treated with PVNO or AL. After 3 days animals were sacrificed and brochoalveolar
lavage (BAL) was performed to evaluate inflammatory cell influx (neutrophils and alveolar
macrophages). BAL-fluid levels of lactate dehydrogenase (LDH), alkaline phosphatase (AP)
and total protein were used as lung damage markers. Neutrophil presence and activity was
also assessed by myeloperoxidase (MPO) measurement, and total antioxidant capacity of the
BAL-fluid was determined using the TEAC (trolox equivalent antioxidant capacity) assay.
Lung epithelial cells were isolated and DNA strand breakage was determined by single cell
gel electrophoresis (comet assay). DNA damage was significantly increased in epithelial cells
from rats instilled with DQ12, whereas no enhanced DNA strand breakage was observed
when quartz was treated with PVNO or AL. Total protein, LDH and TF.AC were increased in
rats treated with native quartz, and this was inhibited by both coatings. A significant
correlation between neutrophil numbers and MPO levels was observed, suggesting neutrophil
activity. Inhibition of DNA damage by both coatings was paralleled by a reduction of
neutrophil influx as well as MPO activity. In this study we provide evidence that modification
of the particle surface prevents DNA strand breakage in epithelial lung cells from quartzexposed rats. Furthermore, the present data show the feasibility of our /« v/v« model to
evaluate the role of inflammation, antioxidant status, and cytotoxicity in particle-induced
DNA damage.

£as<?</o/i: Carcinogenesis 23: 1111-1120, 2002.
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Introduction
Chronic exposure to quartz (crystalline silica) has been shown to result in tumour formation in
the peripheral lung of the rat (1-5). Together with the observation that occupational exposure
to quartz is associated with an elevated lung cancer risk in humans this has led to the
classification of quartz as a Group I carcinogen by the International Agency for Research on
Cancer (6). However, at present the exact mechanisms involved in quartz-induced
carcinogcnicity arc still incompletely understood (7).
It is generally accepted that phagocytic cells, and more specifically reactive oxygen
species (ROS) released by these cells, are involved in the link between inflammation and
cancer (8,9). For particle-induced carcinogenesis for instance, it has been demonstrated that
tumour formation in rats was paralleled by the degree of chronic neutrophilic inflammation
(10). In considering the possible mechanism of quartz-induced carcinogenicity it is important
to note that carcinogenesis is a complex outcome of several consecutive events leading to the
formation of u tumour (II). Although /« vtvo mutagenic effects have been demonstrated after
quart/, exposure (12.13), only few studies focusscd on more upstream processes, such as acute
/n Wvo DNA damage, which is a prerequisite for mutagenicity. Yamano et al (1995) found an
increased level of the oxidative DNA lesion 8-hydroxydeoxyguanosine (8-OHdG) in whole
lung tissue from rats exposed to quartz (14), whereas others demonstrated the induction of 8()Hd(i more specifically in the alveolar region (15,16). These studies suggested that 8-OHdG
induction was associated with a parallel influx of ncutrophils into the lung. A possible role of
neutrophils has been confirmed by our recent work, showing that isolated neutrophils were
able to induce 8-()lld(i in lung type II epithelial cells />; v/"/r« (17).
When considering quartz-induced DNA damage and its possible role in
carcinogenicity it should be emphasised that surface reactivity is one of the key factors
contributing to the puthogenicity associated with quartz inhalation (7,18,19). For instance, in
the past decades various //; rm> studies demonstrated that quartz-induced silicosis could be
inhibited by the administration of compounds such as aluminium salts and polyvinylpyridineN-oxide. which are known to modify the surface reactivity of the quartz particles (20-24). In
general, the reactivity of the particle surface is closely related to the ability of quartz to
generate ROS (19,25,26). Since ROS are implicated in both DNA damage and carcinogenesis
(27) we hypothesised that the particle surface is also involved in DNA damage caused by
quart/. Indeed, using ;/i riiw studies we recently demonstrated that intrinsic ROS generation
of quartz was closely related to DNA strand break formation in lung epithelial cells (28).
More specifically, we and others showed that quartz-induced genotoxic effects could be
reduced by inactivation of its reactive particle surface using surface modifying agents (28.29).
However, the implications of such primary genotoxic effects of quartz for lung target cells /«
Wv<i are still open for research and currently, excessive and persistent formation of ROS by
inflammatory cells is thought to be a key factor in quartz-related genotoxic effects
(4.6.10.30). Also in this mechanism of secondary genotoxicity. surface reactivity of quartz
might play an important role. For instance, it was demonstrated that the ability of
inflammatory cells to release ROS upon quartz exposure «i v/7ro could be mediated by using
various surface modifying methods such as grinding or coating (31,32). Additionally, we and
outers found that the influx ot" inflammatory cells into the rat lung was reduced when quartz
was treated with surface modifying agents such as aluminium lactate or polyvinylpyridine-Noxide (26.33.34).
Although these studies indicate that the reactivity of the quartz particle surface is
implicated in several processes possibly involved in quartz-induced genotoxicity. the role of
the particle surface in quartz-induced DNA damage ;/i VI'WI has not yet been investigated. The
aim of the present study was to investigate whether quartz (DQ12) could induce acute DNA
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damage in lung target cells in vivo and to elucidate whether this process could be mediated by
surface modification of the quartz particles. More specifically, we hypothesised that surface
modification of quartz would prevent DNA damage in epithelial lung cells via an inhibition of
inflammatory cell influx into the lung. Therefore, rats were exposed to native quart/ or quart/
treated with either polyvinylpyridine-N-oxide (PVNO) or aluminium lactate (AL). Alter three
days DNA strand breakage was assessed in epithelial target cells freshly isolated from the
lung. Additionally, to characterise the role of inflammatory cells, epithelial DNA damage was
related to the presence and activation status of macrophages and neutrophils in the lung.
Materials and Methods

2-2'-azinobis-(-3 ethylbenzothiazoline-6-sulphonate) (ABTS), dimethyl sulphoxide (DMSO),
Dulbecco's modified Eagle Medium (DMHM), ethidium bromide. I.-glutaminc. Hank's
balanced salt solution (HBSS). Ham's F12 medium. HL-PLS buffer, fetal calf serum (K'S).
lucigenin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MIT),
penicillin/streptavidin solution, percoll. phosphate buffered saline (PBS), trypsin and
Trypsin/EDTA solution, were all obtained from Sigma (St. Louis, MO). Agarose, Low
melting point agarose, horseradish peroxidase (HRPO). guaiacol, phorbol-12-myristate-l3acetate (PMA) were also purchased from Sigma. ABAP (2,2'-azobis-(-2-amidinopropanc)IK'l
was from Polysciences, Warrington, USA. DNAse I was purchased from Roche, Mannheim,
Germany. All other chemicals were from Merck (Germany) and were of highest purity.
Si/r/frce
Quartz (DQ12. batch 6, MIU, Düsseldorf) was baked at 215"C for 14 hr to inactivate
endotoxin. Surface modification was performed by suspending the baked IX?12 at 5 mg/ml in
a 1% dilution of either PVNO (23) or aluminium lactate (Sigma-Aldrich, Germany), dissolved
in distilled deionised sterile water, based on protocols originally described by Gabor et al,
1975 (35) and Begin et al, 1986 (33), with minor modifications. Uncoated DQ12 was
suspended in water without any additions. Preparations were sonicated for 5 minutes
(Sonorex TK52 waterbath; 60 Watt, 35 kHz) and subsequently agitated for 5.5 h at room
temperature, spun at 1000 g. and washed 3 times with distilled sterile water by centrifugation
(1000 g). The washed particles were finally resuspended in sterile water at a concentration of
5 mg/ml, and aliquots of 1 ml in sterile glass tubes were allowed to evaporate under a laminar
flow chamber. All quartz processing was performed under sterile conditions. A single batch
of quartz and coated quartz was prepared and used for the whole study to avoid effects
induced by a possible variable coating efficiency. Transmission electron microscopy was used
to determine whether treatment with aluminium lactate or PVNO caused changes in particle
size distribution or aggregation of the DQ12, but no differences were found (data submitted
elsewhere). The efficiency of the aluminium lactate coating procedure, which is defined as the
amount of adsorbed aluminium per mg quartz, was investigated by atomic absorption
spectrometry analysis following 3 h treatment of the coated quartz in 1 M HNOi at 80°C. The
coating efficiency of PVNO was measured by spectrophotometric determination (260 nm) of
the desorbed PVNO upon 3 h treatment in 1 M NaOH at room temperature against a PVNO
standard. The estimated adsorbed amounts on the quartz were found to be 11 ug PVNO/mg
quartz and 1.6 (ig aluminium/mg quartz. For intratracheal instillation, the dried quartz
preparations were resuspended in 1 ml of PBS (without Mg and Ca ) and sonicated in a
sonicating waterbath (Sonorex TK52; 60 Watt, 35 kHz, 5 min). For /« viYro experiments, the
dried dusts were resuspended in HBSS or Ham's F12 medium.
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Human neutrophils were exposed to native DQ12 quartz or DQ12 treated with PVNO or AL
and supcroxide release was assessed using lucigenin-enhanced chemiluminescence.
Therefore, human peripheral blood neutrophils were isolated as described previously (36) and
suspended in HBSS at 2x10'' cells/ml. From this suspension, 50 ul was added to a white
maxisorp 96-wcll plate (Nunc, Germany) and mixed with 50 ul of a quartz suspension (1 or
0.2 mg/ml). Finally 100 ul lucigenin ( 5 x 1 0 ' M) was added. PMA (100 ng/ml). was used as a
positive control. Lucigcnin-enhanced chemiluminescence was then recorded using a
lununomctcr (Multi-Bioluminat. Berthold, Germany), at 37°C. Chemiluminescence output
was recorded for 40 min and was expressed as area under the curve. All stimulatory agents
and appropriate controls were tested in parallel and the experiment was repeated 3 times.
/M v;7r<; o7«ft*r/W/v /'n #/./•-' cf//.v M.V/>I# A/7T-«.V.WV

Immortalised rat lung epithelial type II cells (RLE) (37) were kindly provided by Dr. K.
Driscoll. Cells were cultured in Ham's FI2 medium supplemented with 1% IM HEPES
buffer, 1% penicillin/streptomycin solution (Sigma), 1% L-Glutamine solution (200 mM), and
5% heat inactivated foetal calf scrum (FCS) at 37°C and 5% CO: (17). Cells were routinely
grown in 75 cm* cell culture flasks and passaged twice a week. Experiments were performed
between passage numbers 40-50. Cytotoxicity of both native and coated quartz was evaluated
using the MTT-colorimetric assay according to Mosmann et al. (38), which was described
previously (36) Briefly, cells were seeded in % well plates at 20,000 cells/200 pi in each
well. At conflucncy, quart/ preparations were suspended in FI2 medium (100 ul) without
FCS and penicillin/streptomycin, added to the cells and incubated (37°C, 5% CO:). After 4 h,
25 ul of 3-(4.5-dimethylthia/.ol-2-yl)-2,5-diphenyl-tetrazolium (MIT, 2 mg/ml) dissolved in
PBS, wns added and cells were incubated for another 3 h. Finally, solutions were removed,
formn/.an chrystals were dissolved in DMSO (200 ul) and absorption was measured using a
microplate reader (l.absystems) at 540 nm. Toxicity was calculated as % of control from 3
individual experiments.
(>i/<»rfr t'n,vr<7/<;r/o;i <
Specific pathogen free female Wistar rats were used for the investigations (Janvier, Le Genest
St. Isle, France). Rats were maintained under controlled environmental conditions with a 12 h
dark/light cycle. Food and water were available at libithum. When 8 weeks old (weighing
200-250 g). animals were lightly anaesthetised with isoflurane and intratracheal instillation
was performed using a laryngoscope. From the quartz or coated-quartz suspensions (5 mg'ml
in PBS) 400 ul was instilled giving a final dose of 2 mg per rat (n = 5 per treatment). Control
rats were instilled with only PBS. After 3 days animals were sacrificed by a single i.p.
injection of Na-pentobarbital and subsequent exsanguination via the abdominal aorta. Then,
the lung was cnnnulatcd via the trachea and bronchoalveolar lavage (BA1.) was performed.
Epithelial cells were isolated from the same lung as will be described below. BAL was
performed m .VI/M by infusing the lungs with 5 ml aliquots of PBS. The BAL fluid (BALf) was
drained passively by gravity and the procedure was repeated four times, giving a total BAL
volume of 20 ml. Total cell number in the BALf was analysed using a hemocytometer
chamber (Neubauer) and viability was assessed by trypan blue dye exlcusion. BAL-cell
difTerenti.il was determined on cytospin preparations stained with May-Grünwald/Giemsa
(MGCi). lTie BAL fluid (MAI f) was centrifuged twice (300 g to collect cells, followed by
1000 g to obtain BA1 0. and the acellular supernatant was analysed for lung injury parameters
(total protein, alkaline phosphatase. lactate dehydrogenase). and myeloperoxidase.
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Total protein was analysed according to the method described by l.owry. Alkaline
phosphatase and lactate dehydrogenase were assayed using diagnostic kits from Merck
(Germany). MPO activity in the BAL fluid was assayed according to Klebanoff et al (39).
Briefly, 200 ul of unconcentrated cell-free BALf was mixed with 800 ul MPO assay solution.
This was prepared freshly before use. containing 107.6 ml H:O. 12 ml 0.1 M sodium
phosphate buffer. 0.192 ml Guaiacol. 0.4 ml 0.1 M H;(X The generation of tctra-guaiacol
was measured spectrophotometrically (Beckman) at 470 nm and the change of optical density
per minute was calculated from the initial rate. The MPO acitivity was then calculated from
the formula: U/ml= OD/minute x 0.752 and expressed as mU/ml. One unit of the enzyme is
defined as the amount that consumes 1 umol H;O; per minute.
7Vo/ox «/w
The TEAC (trolox equivalent antioxidant capacity) assay was performed according to Vin
den Berg et al. (40) with minor modifications. An ABTS (2-2'-azinobis-(-3
ethylbenzothiazoline-6-sulphonate) radical solution was prepared by mixing 2.5 mM ABAP
(2,2'-azobis-(-2-amidinopropane)HCI with 20 mM ABTS solution in 150 mM phosphate
buffer (pH 7.4) containing 150 mM NaCl. The solution was heated for 10 min at 70"C and, if
necessary, diluted to obtain a solution with an absorbance at 734 nm between O.ftH and 0.72.
For measuring antioxidant capacity 100 ul of the cell-free BALf was mixed with 900 ul of the
ABTS radical solution. Both native BAL fluid and deproteinised fluid (10% TC'A) were
tested. The decrease in absorbance at 734 nm 5 minutes after addition of the sample was used
for calculating the TEAC. Trolox was used as reference compound. The TEAC of the sample
is given as the concentration of a trolox solution that gives a similar reduction of the
absorbance at 734 nm.

Lung epithelial cells were isolated according to the method developed by Richards et al. (41)
with modifications. After BAL, lungs were removed from the rat and pre-washed with 5 ml
trypsin via the cannula (37°C, 2.5 mg/ml dissolved in PBS with C'a and Mg"). The
cannulated lung was subsequently attached to a syringe in a retord stand and filled with
trypsin solution. The lungs were left for 30 min at 37"C, during which the level of trypsin is
constantly 'topped up". After trypsination the lungs were transferred into a sterile petri dish
and the trachea and the main bronchi were dissected free. The remaining lung parenchymal
tissue was chopped with scissors into small pieces (approximately 1 mm) and FCS (5 ml) was
added to inactivate the trypsin. In all subsequent steps lung preparations and solutions were
kept at 4°C to avoid post-experimental DNA repair. The volume of the lung homogenates was
adjusted to 20 ml with PBS and DNAse 1 (500 ul of 4 mg/ml solution) was added followed by
shaking (5 min) to prevent cell-clotting. The lung tissue homogenate was subsequently
filtered through gauze followed by filtration through nylon filters (150 and 30 urn
respectively), and the final filtrate (adjusted to 20 ml with PBS) was layered onto a
discontinued Percol gradient of heavy density (I ml lOx concentrated PBS, 2.5 ml distilled
water, 6.5 ml Percoll-1.13 g/ml) and light density (1 ml I Ox concentrated PBS, 6.3 ml
distilled water, 2.7 ml Percoll). Preparations were centrifuged for 20 minutes at 300 g (4"C).
After separation, the layer containing the epithelial cells (4th from top) was carefully
removed, washed with PBS and resuspended in DMEM medium supplemented with 10%
FCS, 1% penicillin/streptavidin solution (Sigma) and 1% L-glutamine (200 mM). The cells
were then plated into 100 mm petri-dishes to further enrich the epithelial cell fraction by
allowing contaminating fibroblasts, macrophages and neutrophils to attach to the surface.
After 1 h incubation at 37°C and 5% CO:, the supernatant was removed and centrifuged (300
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g) to collect non-attached epithelial cells. Centnfuged cells were resuspended in 500 nl
DM KM (cold) and were counted using a Neubauer chamber, while cell viability was
determined by trypan blue dye exclusion.
The percentage of epithelial cells present in the isolated fractions was determined using 3
different methods. First, the proportion of epithelial cells, alveolar macrophages, neutrophils
and possible other cells was investigated using MGG staining of cytospin preparations and
subsequent differential counting by an experienced observer. Secondly, identification of type
II epithelial cells specifically was done by staining for alkaline phosphatase activity, as
described by Dingle et al (42). Therefore, cytospin preparations were dried on air and then
stained with naphtnl (10 mg, dissolved in 40 ul DMSO), added to 0.125 M 2-amino-2-methylt-prnpunol buffer (pll 9-10). Directly before use 10 mg fast red was added and cells were
incubated tor 15 minutes at room temperature to the filtered solution (0.4 urn). Slides where
washed with distilled water, cells were counterstained with haematoxilin and type II cells
were counted using light microscopy. However, definite characterisation of the different
isolated epithelial cells is only possible using electron microscopy. Therefore, epithelial cells
from u PUS-instilled animal were isolated as described previously and centrifuged cell pellets
were fixed with 2.5% glutaraldchyde in 0.1 M cacodylate buffer for 1 hr (4°C). After washing
with 0.1 M cacodylate buffer and postfixation with 2% OsO*. cell preparations were
encapsulated in agar (2% in PBS). The ice cooled agar blocks were cut in cubes and
dehydrated in graded cthanol series. Poststaining en bloc was accomplished with 1.5%
uranlyacetate and phosphoric tungsten in 70% ethanol. Absolute ethanol was replaced with
propylenc oxide and the agar cubes were embedded in epon (Serva, Heidelberg) (43), thinsectioned (Reichert, Ultracut) and examined using a transmission electron microscopy (TEM,
Philips, CM 12) equipped with a digital imaging system (SIS. Münster, Germany).

DNA strand breakage in epithelial cell preparations was assayed immediately after cellisolation by the comet-assay (44.45), according to the guidelines recently proposed by an
expert panel (46). Fully frosted slides were covered with a layer of 100 ul 0.65% agarose
using a coverslip and stored overnight at 4"C. Epithelial lung cells were isolated as described
above and 25 ul cell suspension (2xl()'' cells/ml) was mixed with 75 ul 0.5% low melting
point agarose, and added to the slides, on top of the first agarose layer using a coverglass.
Slides were stored at least 45 minutes at 4"C to allow solidification, and then covered with
another layer of the low melting point agarose (100 ul). Following solidification for another
45 minutes at 4"C, coverglasses were removed, slides were immersed in lysis buffer (2.5 M
NuCl, 100 mM KDTA. 10 mM Iris-base, 1% sodium lauryl sarcosinate. pH 10; 10% DMSO
and 1% Triton X-100 added just before use) and stored overnight at 4°C. The following day,
slides wen- ringed with distilled water and placed in an electrophoresis tank filled with icecold electrophoiesis buffer (300 mM NaOH. 1 mM EDTA. pH 13) for 30 minutes,
lilectrophoresis was conducted at 300mA and 25V for 15 minutes. Slides were neutralised 3 x
10 min using neutralisation buffer (0.4 M Iris. pH 7.5). All steps after cell lysis were
performed in the dark or under dimmed red light to prevent additional DNA damage. Finally,
slides were stained with ethidium bromide (20 ug nil in H?O) and comet appearances were
analysed using an Olympus BXM) fluorescence microscope at lOOOx magnification. For each
individual animal. 3 slides were prepared and on every single slide 50 cells were analysed
randomly, and classified into one out of five categories according to tail length (I.II.111.IV,
and V. in which 1 undamaged cells without comet tail) (47). For final analysis the
percentage of cells exhibiting comet tails (class II-V cells) was used.
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Data are expressed as mean ± SEM. unless stated otherwise. Statistical analysis was
performed using SPSS v. 10 for Windows. Student T-test was applied to test differences
between exposed and unexposed groups. Correlations between DNA damage and neutrophilic
inflammation or lung toxicity markers were tested using Pearson. Differences were
considered to be statistically significant when p<0.05.
•;.••....;-; .*<
Results

Before starting with the animal studies we tested the efficacy of the surface treated quart/es in
several /« v/7ro systems. Isolated human neutrophils were exposed to quartz suspensions and
lucigenin-enhanced chemiluminescence was applied to detect Superoxide release (O;'). Data
are shown in Figure 1.

3

200

CTRL

i>yi2

DQI2-PVNC)

IIQI2-AI.

Figure I. lucigenin-enhanced chemiluminescence of human Mood nculrophils exposed In IMJI2 or DQI2 cotiled with
I'VNO or aluminium laclate (Al.|. Chemiluminescence was recorded lor 4(1 min. and expressed as area under the curve
(AUC). Data are shown as mean i sd of 3 different experiments. *p- 0.01 vs. control (= CTRL).

Figure 2. Viahilit) of Kit cells exposed tn nali\e or coated 1X^12 Viahilily was assessed using the MI"l-assay and was
expressed as % of control. Data shown represent mean i sd from 3 experiments. •p-'O.OS, * " p - 0.001 vs. control (0 ug/cm').
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Generation of Superoxide was enhanced by DQ12. At 0.2S mg/ml DQ12 quartz,
chemiluminescence was increased with approximately 170% compared to control cells. This
effect was inhibited when DQ12 was coated with PVNO, but not with AL. When PMA was
used as a positive control, (>' release was increased with 230% (not shown). The effect of
both surface coatings on cytotoxicity induced by quartz was tested using the MTT assay. RLE
cells were exposed for 4h to DQ12 or coated quartz preparations at 0-400 ug/cm". As shown
in l-'igure 2, native quart/, dose dependently reduced cell viability, whereas this toxicity was
significantly inhibited upon treatment of DO, 12 with AL or PVNO.

Hronthoulvcolar lavage was used to assess both inflammogenic and toxic effects after quartz
exposure. Separate animals were also treated with 22 ug PVNO and 35 ug aluminium lactate,
amounts calculated from the coating efficiency of both substances. However, these treatments
did not have an effect on any of the studied BAL parameters (34). A significant increase of
ncutrophil numbers was observed after quartz exposure (p<0.00l vs. control). When DQI2
was coated with PVNO the ncutrophil influx was inhibited. Treatment with AL also reduced
ncutrophil influx, although this effect was less pronounced than for PVNO-coated DQ12
(figure 3).
JO
DAM

IMJI2

PBS

RQI2-PVNO

IXJI2-AL

Flgurr .V Titliil numbers ot neulrophils (PMN) und macrophages (AM) in hrochoaKcolar lavage of rats J days after
inlratriKliciil instillation of ? nig of IHJI2 or IM.)12 coaled with aluminium lactate (AI ) or PVNO. Data are presented as
mean i SI M(n 5). • • • p - 0.001. **p- 11.01 vs. I'HS.

3 ^

2 i

»ras
• nyi:
*

•

'

•

• DQI:-AI
0

<

10

PMN <»I»\M

Figarr 4 I'ortvlalion between total nculmphil mimbers (PMN) and imelopervnidase acli\il> (MPOl in bnwchoaKei»l»
la\a)!e Ihiid th<m nits ! da\s aller imnitnKheal instillation ot 2 mg IK)i: or I)QI? coated with aluminium bctale (AI I or
PVN«.). l-aeh point represents a single animal. Pearsun correlation - 0.8«. p^O.OOl
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The number of alveolar macrophages was increased only after instillation with native
quartz (p<0.05 vs. control). Further data of relevant BAl. parameters are outlined in Table I.
To evaluate possible toxic effects of quartz exposure, total protein, alkaline phosphatasc and
lactate dehydrogenase were analysed in the BAL fluid. Total protein was only increased by
native quartz, whereas LDH levels were significantly increased after exposure to both quartz
or AL-treated quartz. No differences were observed for alkaline phosphatasc activity in BAL
fluid. MPO used as a specific marker of neutrophil presence and activity, was only increased
by DQ12. Although neutrophil influx by DQ12-AL was significantly higher than in PBS
treated animals (Figure 3). no significant induction of MPO activity levels was seen in these
animals. However, on a single animal level, covering all treatments, a highly significant
correlation is present between neutrophil numbers and MPO activity (r
0.88. p-0.001)
(Figure 4). Interestingly, when MPO activity was adjusted on neutrophil numbers present in
the BAL fluid, the activity of MPO per neutrophil was about 8.5 times lower after DQI2-AL
compared to native DQ12 (resp. 93.6 ± 72.3 and 796.5 ± 772.0, p^O.01).

Table I. Inflammatory and cylotoxicity marker* analysed in hrochoalveolar laxage ) days after inlratrochcal instillation of
DQI2 or DQI2 coated with PVNO or aluminium lacUlc (AI.) (mean t sd. n-5).

PBS

DQI2

DQI2-PVNO

DQI2-AL

Total cells (xlO')

8.9(2.5)

48.0 (9.2)»**

16 1(12 2)

27.72 (4.9)«»

Neutrophils (%)

3.3 (4.9)

47.6 ( 8 . 7 ) * "

3I.O(IO.O)*«»

4I.3(II.7)»«»

93.0 (7.42)

38.9(11.34)**»

60.8 (14.9)"

44.2 (3.4)»*»

Total protein (ng/ml)

13.2(3.3)

46.9(21.4)'

32.7(37.1)

30.6(18.2)

Alkaline Phosphatase (U/ml)

9.4(2.5)

12.3(2.7)

9.7(2.6)

12.2(2.9)

LDH (U/ml)

25.7(7.8)

120.4{38.1)***

34.0(7.2)

59.8(11.5)*

MPO (mU/ml)

0.027(0.02)

99.3<100.6)**

0.54(0.59)

5.3(4.1)

MPO/neutrophils
(mU/lxlO* neutrophils)

23.2 (35.0)

796.5 (772.0)"

23.3(30.5)

93.6(72.3)

Macrophages (%)

LDH (lactate dehydrogenase), MPO (Myeloperoxidase)
• • • p O . 0 0 1 . " p > 0 . 0 l , »p<0.05 vs. PBS

To/a/ a/i//ojr/</a;i7 co/?ac//y *w 6roc//oo/veo/ar /avage
Trolox equivalent antioxidant capacity assay (TEAC-assay) was used to evaluate changes in
the total antioxidant capacity in the BAL-fiuid. Data are shown in Figure 5. Compared to
control animals instilled with PBS, an increased antioxidant capacity was observed after all
quartz treatments, although effects of quartz treated with either PVNO or AL were less
pronounced. No changes in antioxidant capacity was detected when the BALf was
deproteinised prior to use in the TEAC assay (levels were close to detection limit). TEAC in
the native, unprocessed BALf from all treatments correlated with total number of neutrophils
(r = 0.81, pO.001), with macrophages present in the BALf (r = 0.65, pO.OI), with total
protein levels (r = 0.75, p<0.001) and MPO activity (r = 0.74, p<0.001).
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IMJI2-PVM)

IMJI2-AI.

Figure 5 I r i i h « ci|imuk'Mi untioxidant capiKit) ( I I A C ) in hrnnthoalveolar linage fluid (BAI-f) from rats 3 davs aflcr
IntralriH/heal imlillalion nl IKJ12 nr I X J i : coaled with aluminium lac laic (AI I or I'VNO. II AC w a s measured buth in
m l i v c and Ucpmlciniwd IIAI I Data are presented as mean i SI M ( n - 5 ) . * * * p < 0 . 0 0 l , *p<0.05 vs. PBS.

/>/7/»«'//Vl/ c«7/ /.
Alter bronchonlveolar luvage. lungs were used to isolate epithelial cells. Yield of epithelial
cell isolates is shown in Table 2. Using M(i(i-staming, a total differential counting was
performed. The percentage of recovered epithelial cells appeared to be slightly lower for
DQI2 treated rats compared to the other treatments, however this difference was not
statistically significant. Mean percentage of type II pneumocytes was 38.6 (± 6.5) in control
rats, and this was reduced in isolates from rats exposed to either native DQ12 or coated
DQI2. In Figure 6 representative electron microscopic pictures of different cells found in the
isolates are shown. Differential countings in this preparation indicated that at least 65% of the
cells appeared to be of an epithelial origin (13% type II cells, 52% bronchial epithelial cells),
which is in line with data obtained after analysis of the MGG-stainings. Other cells appeared
to be mainly macrophages.
Tnhlr 2 DIIKTCMII.II ulcpithclinl-ccll ivilulcs I'rom ml lungs after exposure for 3 days lo native IX?12 or DQI2 coaled with
I'VNI > HI .iliimiimim I.Klate (AI ). (mean < sd. n-5).

PBS

DO

DQ-PVNO

DQ-AL

Yield (Totaled Is xio')

34.3 (3.5)

68.5 (20.4)»

39.4(15.4)

67.5(28.3)*

% epithelial cells (MGG)

75.0(6.4)

62.5 (6.6)

68.3(14.9)

73.8(9.4)

•» I\|K II cells (Alkaline
pliosphatascl

38 6(6.5)

20.7(14.7)*

22.3 (8.5)*

19.2(9.0)*

••• ncutropluU (MGli)

4.4(1.0)

17.7 (4.0)"

11.6(9.0)

11.3(9.0)

19.1(7.1)

18.0(6.6)

13.2(2.0)

** mncrophnges (NUKi)

MtKi (Ma\-(irUimakl (iicmsa staining), evaluated with light microscopv.
••p-0.01. * p O 0 5 vs. I'HS
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Figure 6. Representative pictures from electron microscopic anaKsis of cells found in epithelial cell isolates from rats. ( A )
Type II alveolar epithelial cell. Arrows and insert indicate lamellar h<xlies (Hi Alveolar macrophage. «.') Mronehial epithelial
cells, two different cells are shown: cBI-X' = ciliated bronchial epithelial cell, (.'(' Clara cell.

DM4
Single cell gel electrophoresis was used to detect DNA strand break formation in the
epithelial cell isolates. Data are shown in Figure 7. Quartz exposure caused a significant
increase in DNA strand breakage in the isolated cells. Importantly, when quartz was treated
with PVNO or AL no enhanced levels of DNA damage compared to PBS-treated rats were
observed (Figure 7A). In Figure 7B the distribution of cells over the various comet classes (II
to V) is shown. The increased level of DNA damage by native quartz appears to be present in
all comet classes. However, no differences were found in class V, representing the highest
damaged cells. No relation was observed between DNA strand breakage and cell isolation
characteristics such as the percentage of epithelial cells, type II cells, or neutrophils present in
isolates. Viability analysis of the isolated cells, using trypan blue dye exclusion, showed that
viability of cells used in the comet assay was always >95%, and no differences between
exposure groups were observed (data not shown). No correlation was found between />/ Wv«
DNA damage and general lung toxicity reflected in total protein levels, alkaline phosphatase
or lactate dehydrogenese activity in BAL-fluid. Moreover, no relation between antioxidant
capacity (TEAC) and DNA strand breakage was found on a single animal level, pooling all
treatments.
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Kigurr 7 DNA strand breakage in epithelial cell isolate* from rat lungs after intralrachcal instillation of IXJI2 or DQI2
ciuilcil »iih I'VNO or aluminium lactnle (AI ). DNA strand break formation » a s assessed using the comet assa> and was
expressed as "«> ol cells showing couui tuils (At. In figure (II) the distribution ol the damaged cells o\er the \arious cornel
classes (II l \ I is shown l):il;i are mean i S I M (n S|. *p- (I (15 \ s I'US

Since one of our objectives was to investigate the role of neutrophils in epithelial cell
genotoxicity after quartz exposure, we related DNA damage (comet) to both neutrophil
numbers and neutrophil activity, reflected in MPO levels in BALf. This relation is given in
respectively Figure 8A and 8E*. and shows that only at high neutrophil numbers (2x10*.
corresponding with 48% of total HA1. cells) or high MPO levels, both corresponding to
treatment with native IX?12. epithelial DNA damage was increased. However, no correlation
was found between either neutrophil influx or MPO levels and epithelial DNA damage in
individual animals, both within different treatment groups (n 5) and in all animals (n=20).
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Discussion
Quartz (crystalline silica) has recently been classified as a human lung carcinogen (6).
However, the quartz hazard (eg. its ability to induce cancer) is by no means a constant entity,
and its pathological effects may vary depending on its sources or inherent characteristics
(7,18,48). One important variable characteristic appears to be the surface reactivity of quartz.
The role of particle surface reactivity in quartz-induced cytotoxicity, infiammogenicity and
fibrogenicity has previously been demonstrated using various surface modifying procedures,
such as coating with PVNO or aluminium salts (18,20,26,31,33-35,49-51). In early studies,
PVNO and aluminium lactate were administered at high doses to prevent or treat quartzinduced silicosis (21-24). In the present study however, both compounds were used to coat the
quartz particles in order to specifically investigate the role of reactive surface functionalities
in quartz-induced genotoxicity. We demonstrated that intratracheally instilled quartz (FX}12,
2 mg) causes acute induction of DNA strand breakage in lung epithelial cell isolates /w v/vo.
However, this effect was not observed when quartz was treated with either PVNO or AL,
suggesting an important role of the reactive particle surface in quartz-induced /'« v/v« DNA
damage. Since both surface modifications inhibited inflammatory cell influx as well DNA
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strand breakage, our data provide further support for the possible role of inflammatory cells in
quartz-induced genotoxicity (4,6,30).
In quartz-induced carcinogenesis in rats, oxidant release by lung phagocytes, and more
specifically neutrophils, is reported to be an important factor (4,10). In the present study we
therefore analysed the role of the reactive quartz surface on inflammatory cell influx as a
possible mediator of quartz-induced DNA damage. We clearly showed that neutrophil influx,
induced by quartz was inhibited by both PVNO and, to a lesser extent, also by AL. The
inhibitory effects of both coating materials on inflammatory cell influx are in line with
observations in earlier studies using aluminium lactate (26,33), and confirm the important role
of the reactive particle surface in quartz-induced inflammation. In addition to neutrophil
presence, we also assessed neutrophil activity by measuring the enzyme myeloperoxidase in
BAI.f. since MI'O is considered as a marker of neutrophil activition (52-54). Our data suggest
that the quartz-induced influx of neutrophils into the lung is accompanied by a subsequent
activation. Both neulrophil influx and MPO activity were inhibited by the coatings, although
AI. was less effective than PVNO. Interestingly, MPO activity expressed per neutrophil
number seemed to be 8-fold higher in DQ12-treated rats than in rats instilled with DQ12-AL.
This suggests a possible difference in the 'activation status' of neutrophils between the
different treatments. Schmeke! et al. (52) previously demonstrated that MPO measured in
BAI.f is of local origin, rather than passively diffused from the blood. However, the increased
levels of total protein and 1.1)11 activity in BALf from native DQI2-treated rats could imply a
loss of membrane integrity, possibly leading to an influx of MPO from the capillary bed.
In addition to MPO release, activation of neutrophils is further characterised by a
potent oxidative burst (53). In line with data from llcdenborg and Klockars (55), we showed
that /'« viVw Superoxide release by human neutrophils was abrogated when quartz was coated
with PVNO. However, AI. treatment of quartz did not inhibit Superoxide release. These in
W/n> data led us to suggest that we had a feasible model to dissect between primary and
inflammatory cell-mediated secondary genotoxicity after />; vivo quartz exposure, since both
coatings had a distinct effect on the neutrophils' oxidative burst. However, />» v/vo the
differences between the coatings on inflammatory processes were less pronounced than
anticipated, us they both inhibited inflammatory cell influx and activation.
It should be emphasised that the interaction of the two coating materials with the
quartz surface is very different. PVNO is a polymer which is considered to interact with the
quart/ surface via H-bonding of its NO groups with silanol groups (18.50,56). On the other
hand the mechanism of action of aluminium lactate is not fully clarified, although aluminium
appears to a fleet the acidity and the solubility of the quartz, and has also been reported to
hinder the formation of surface radicals and to block charges caused by grinding (18,20,56).
The inhibitory effect of the PVNO coating on /« vifw ROS release by neutrophils is unlikely
to be caused by its proposed antioxidant activity (57), as the adsorbed PVNO content was
only 11 ug per mg quartz. Even if released from the particle surface, this amount was found
not to have any detectable antioxidant activity as determined by electron spin resonance
techniques (data not shown).
DNA damage in the epithelial cell isolates was evaluated using the sensitive comet
assay. We found that IX? 12 caused an increase in DNA strand break formation in lung
epithelial cells. Interestingly however, no induction was observed when quartz was treated
with either PYNO or Al.. suggesting that, as for inflammogenic effects, also DNA damage
induced by quartz is related to its surface reactivity. Although both coatings have different
capacities to inhibit inflammation, our data show that they have more or less similar capacity
to reduce quartz-induced acute genotoxic effects in the rat. Also here, a direct antioxidant
action of PVNO (57), and thus a possible effect on ROS-induced DNA strand breakage is
negligible, as the absolute dose of PVNO is only 22 ug (about 0.09 mgkg body weight). For
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comparison, a therapeutic, silicosis-inhibiting effect of PVNO is only reported at 7 repeated
subcutaneous doses of 40 mgfcg bodyweight (58).
No relation was found between DNA damage and isolated cell differentials,
suggesting that differences in DNA damage by quartz and coated quart/ are not caused by
slight changes in the cell populations analysed. The background level of DNA damage in the
isolated cells appeared to be relatively high, since at least 30% of the isolated cells wore
found to have comet tails. Background levels of DNA strand breakage in isolated type II
epithelial cells were shown to be 5 times higher than for alveolar macrophages. which
appeared not to be caused by trauma induced during isolation procedures (5*>). Our own duta
on viability (trypan blue) of the isolated cells did not show any difference between the
treatments as this was always >95%. This was further confirmed by the observation that the
percentage of comet class V cells (Figure 7b). possibly representing dead cells with extremely
fragmented DNA ("clouds') (60). was only about 5% and did not differ between the
treatments. Therefore, our results do not reflect DNA strandbreakage that occurs secondary as
a consequence of cytotoxicity (46). Moreover, no relation was found between DNA damage
and BALf markers of lung toxicity (I.DU. AP or total protein), implicating that routine lung
toxicity markers are not associated with DNA damage in epithelial lung cells in the acute
phase of quartz exposure. Additionally, the absence of increased levels of alkaline
phosphatase. an enzyme specifically present in type II epithelial cells, suggests that no /// rmi
cytotoxicity is present in this specific target cell. In terms of carcinogenicity these
observations are rather important, because initial DNA damage will not evolve into
mutagenesis when cytotoxicity prevents the target cells carrying the DNA lesion to
proliferate.
Our data on DNA strand breakage are in agreement with earlier observations on the
formation of 8-OHdG in the rat lung after quartz exposure (14-16). In these studies, DNA
damage was evaluated in total lung tissue homogenates or using immunohistochemical
techniques. However, evaluation of the role of DNA damage in particle-induced
carcinogenicity is ideally done in cells relevant for neoplastic outcomes (1,30,61). Therefore,
in the present study epithelial cells were isolated from the lung prior to quantification of DNA
damage. Using this approach we were unable to apply quantitative analysis of 8-()lld(i levels
as the yield of the cell isolates did not allow analysis using HPLC-ECD. Therefore, we
concentrated on detection of DNA strand breakage in single cells, using the comet assay.
Considering acute DNA strand breakage as a prerequisite for later mutagenic effects (62), our
data also confirm observations on mutagenesis in the HPRT-gene of isolated epithelial cells
after sub-chronic quartz exposure (12). They suggested a key role for ncutrophils in the
mutagenicity observed after quartz exposure. Indeed, numerous /'« W/r« studies demonstrated
that neutrophils are capable of inducing several genotoxic effects such as 8-OHdG (17), DNA
strand breaks (63,64), SCE's (65), mutations (66,67) and promotion of preneoplastic events
(67). In the present study, inhibition of DNA strand breakage by both coatings was paralleled
by an overall reduction of neutrophil influx as well as of MPO activity. These observations
support the current general consensus on the important role of inflammatory cells in quartzinduced genotoxic effects (30). More specifically, data presented in Figure 8 are in line with
data from Driscoll et al (12) and Seiler et al (16), suggesting that there is a threshold for ;«
v/Vo genotoxicity in the rat. However, pooling all treatments and doing statistics on a single
animal level, we were not able to show a clear correlation between neutrophilic inflammation
(neutrophil influx, MPO activity) and epithelial DNA damage. This could be due to the
relatively high background and rather low variability in absolute levels of DNA stand
breakage, but might possibly also relate to the presence of other, inflammatory cellindependent mechanisms of DNA damage. Using an /« v/7ro model of lung epithelial cell
lines, allowing to rule out secondary neutrophil effects, we found that quartz-induced
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cytotoxicity (this study) and DNA damage was clearly abrogated when the native quartz
particles were coated with either PVNO or AL (28). These observations would fit within our
present <w viv« data, suggesting that in addition to secondary, inflammatory cell-mediated
genotoxicity, direct effects of quartz may have contributed to acute DNA damage induced in
epithelial lung isolates (68).
Apart from oxidants generated during /n v/vo quartz exposure, other factors that
determine the overall genotoxic response are the effectiveness of both intra- and extracellular
antioxidant defense systems and of DNA repair systems in the target cells exposed to quartz
(28,30). Currently, the role of DNA repair mechanisms in genotoxic effects induced by quartz
particles is not yet clear, although recent /« v//ro studies showed that DNA repair was rapidly
induced in lung epithelial cells upon exposure to mineral fibers (69,70). The relative high
levels of endogenous DNA damage in the isolated epithelial cells could imply possible low
DNA repair capacities, which would be consistent with their possible role as target cells for
quartz-induced carcinogenicity (1,59). However in addition to DNA repair, the respiratory
tract contains a vast number of enzymatic and non-enzymatic antioxidant defense systems,
present in both extracellular and intracellular compartments (71). We applied the TEAC assay
to evaluate changes in the total extracellular antioxidant capacity of the lung upon quartz
exposure, and our data indicate that the increase in antioxidant capacity in the lung was most
pronounced upon exposure to native quartz, although this was particularly related with the
protein (ruction of the HAL-fluid. These observations complement our previous work
demonstrating thai both message and protein levels of several antioxidant enzymes, such as
MnSOD are increased upon exposure to cristallinc silica (72.73). However, the fact that DNA
strand breakage was found to be induced in the epithelial cell isolates from rats exposed to
native quart/, notwithstanding the increased level of antioxidant activity, confirms earlier
reports that suggest that in these animals the antioxidant defense systems are overwhelmed by
the level of oxidants generated by inflammatory cells (12,16).
In conclusion, in the present study we found that quartz caused DNA strand breakage
in isolated epithelial lung cells. This effect was efficiently reduced after surface modification
with I'VNO or aluminium lactate. Since we demonstrated that simple coating treatments
dramatically changes the DNA damaging capacity of quartz, the current data strengthen the
body of evidence that quart/ is not uniformly carcinogenic across industries where there is
quart/ exposure (6). Indeed, in collaboration we showed that the reactivity of the DQI2 quartz
greatly differed from work place samples, where quartz dust is likely to be mixed with other
minerals, such as aluminium salts (48). Moreover, the present data show the feasibility of our
//» v/Yo model to evaluate the role of inflammation, antioxidant status, and cytotoxicity in
particle-induced DNA damage. Since induction of DNA strand breaks is reported to be
closely associated with mutagenesis (62). our data might therefore reflect early molecular
events in the initiation stage of quartz-induced tumor formation. However, the mechanism by
which quart/ causes lung tumours is still by no means clear, and currently we are
investigating the significance of the observed acute genotoxic events in later stages of the
quart/ uuluced-pathogenesis.
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Chapter 8
Summary and general discussion

Chronic exposure to particles such as paniculate air pollution (particulnte matter. PM) and
crystalline silica (e.g. quartz) has been associated with increased lung cancer rates in both rats
and humans [1-5]. Nevertheless, the mechanisms involved in carcinogenesis after particle
exposure have only partly been elucidated. Carcinogenesis is a complicated multistep process
and specifically in the initiation stage, genotoxic events are thought to play a crucial role, /n
v/7r« studies indicated that the genotoxic properties of particles may depend on characteristics
such as size, shape, chemical composition, surface reactivity, crystallinity, hydrophobicity,
and solubility |6). In rats however, carcinogenicity after high dose exposures appears to be
independent from any inherent genotoxic activity of the particles, and is considered to be
mainly related to genotoxic processes and increased epithelial cell proliferation caused by
(chronic) inflammation and inflammatory phagocyte-derived ROS |7-*)|. These observations
imply that studies aiming to investigate the mechanisms involved in particle-induced
genotoxicity need an approach which allows to discriminate between primary (particleinduced) and secondary (inflammatory phagocyte-induced) genotoxic processes. Since the
generation of ROS is thought to be a crucial event in both processes, the present thesis has
aimed to investigate ROS-induced DNA damage in respiratory tract epithelial target cells
after particle exposure. In the first part of the thesis (Chapters 2-4), we specifically I'ocussed
on mechanisms involved in primary genotoxicity, whereas in Chapters 5-7 secondary
genotoxic processes are described. In these final chapters special emphasis was put on the role
of neutrophils, since these cells are hypothesised to be potent mediators of secondary
genotoxicity in particle-exposed rats [10]. Two different types of particles were used,
paniculate matter (PM) and quartz, which are both known to be associated with an array of
pulmonary diseases in humans (Chapter 1.5), including an increased risk of lung cancer
development.

In the first part of this thesis (Chapters 2-4) possible mechanisms involved in ROS-mediated
primary genotoxic effects of PM and quartz are discussed. Major focus was on the hydroxyl
radical, since it is the most reactive ROS towards DNA [11]. In the past, numerous studies
have provided indirect or circumstantial evidence that 'OH could play a crucial role in both
quartz- and PM-induced genotoxicity [12-18]. In this thesis electron spin resonance with a
specific spin-trap (DMPO) was applied to directly demonstrate that both PM and DQ12quartz are able to generate 'OH in aqueous solutions. Importantly, 'OH formation by both
particles was facilitated by the addition of H;O;, which points to an involvement of Fentonlike mechanisms, indicating a role of transition metals. Indeed, 'OH formation by PM was
inhibited by deferoxamine, suggesting an important role of iron [19]. On the other hand, the
'OH-generating capacity of DQ12-quartz is likely to be explained by the action of reactive
functionalities at the particle surface [20,21]. This was confirmed by experiments showing
that ESR-detected 'OH formation by DQ12 was reduced after treatment of the particle surface
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with either aluminium lactate or PVNO [22,23]. Since OH is strongly implicated in DNA
damage, the 'Oil-generating properties of both PM and quartz provide a possible common
mechanism involved in their primary genotoxic action. Analysis of DNA strand breakage and
8-OllcKi induction (Figure I) were used as (semi-)specific tools to detect 'OH-mediated DNA
damage [24,251. Using naked DNA we demonstrated that the ability of PM to induce DNA
strand breakage and K-OHdG was indeed closely related to its 'OH-generating properties
(Chapters 2 & 3). Similar results were also found for quartz, although not presented in this
thesis (unpublished data) [26|.
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Figure I. Schematic overview of the various methods and models used in the present thesis to investigate the
role ol'ROS in particle-induced DNA duniage.

To extend our observations beyond naked DNA, PM and DQI2-quartz were also tested in
pulmonary target cell lines. Therefore, alveolar epithelial cells from human (A549), or rat
(Rl.Tl) origin were used, since these cells are considered to be a specific target for particleinduced hyperplasia and carcinogenicity [4,27,28]. We demonstrated that DQ12-quartz as
well as PM cause primary DNA damage (8-OHdG and DNA strand breakage) in both RLE
and A549 cells. In line with experiments on naked DNA, our data suggest that also target
cellular DNA damage induced by PM or quart/ could be at least partly attributed to the
generation of "OH. However, it is important to realise that PM and quartz are totally different
types of particles and that dissimilar mechanisms may underlie "OH-mediated DNA damage
in target cells. Whereas DO, 12-quartz is a more or less homogeneous paniculate compound,
comprised of about W o crystalline silica (the rest being amorphous silica). PM is chemically
highly heterogeneous (Chapter 1.5). The most important difference however, is the fact that in
contrast to DO12. a large part of PM is soluble. Indeed, although the insoluble particle core of
PM was suggested to contribute to cellular DNA damage (Chapter 4). we demonstrated that
the 'OH-generating capacity of PM and associated DNA damage was most likely due to
factors present in the soluble fraction, probably iron (Chapters 3 & 4). Under normal
conditions iron is carefully sequestered in a target cell. However, during iron exposure the
cellular iron-binding capacity mas be overwhelmed, which could facilitate Fenton-mediated
"OH formation and thus the induction of DNA damage [29.30]. For quartz on the other hand,
'OH generation and related cellular DNA damage is thought to be mainly associated with
surface properties of the insoluble particles [6]. Due to its extremely high reactivity. 'OH will
only react with DNA when it is generated in direct proximity [31]. Considering a role of'OH
generated at the quartz surface, this implicates that insoluble quartz particles should migrate
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into the nucleus after uptake by target cells. Preliminary studies performed in our lab indicate
that A549 as well as RLE cells are indeed able to ingest particles |32|. However, although
quartz particles have been found in the nuclei of alveolar epithelial cells after prolonged
exposure (26 Days) (33). we did not observe nuclear translocation after short-term
incubations (2-4 h). as used in our w v/Yr» studies (unpublished observations). Nevertheless,
evaluation of nuclear particle migration and associated site-specific induction of 'Ollmediated DNA damage remains a challenge for future research. In addition, to assess the role
of particle uptake more generally, and to further elucidate (geno)toxicokinetics of insoluble
particles in target cells, it would be helpful to evaluate DNA damage on a single cell level and
to correlate individual cellular particle burdens w ith DNA damage.
Our acellular experiments indicated that the presence of II.O.- was more or less a
prerequisite for PM and quartz to generate "OH. In contrast, in A549 and RLE cells. 'OHmediated DNA damage by both particles was observed in the absence of extrncellularly added
H;O;. However, observations on endogenous H;O; production in alveolar type II cells [34|,
suggest that H;O: might still be involved in particle-induced cellular DNA damage. This is
further supported by studies showing the induction of H.<().< generation by rat type II cells
upon exposure to quartz [35|. Moreover, others demonstrated that I'M-induced DNA strand
breakage in lung target cells could be inhibited by the addition of the H.()< scavenger catalasc
|36). In considering a role of H;O; it should be noted that it is freely diffusahlc through the
cell and is thought to induce DNA damage via intranuclear 'OH formation upon reaction with
DNA-bound transition metals (19,30]. As such, it could be hypothesised (hat particle-induced
endogenous H;O: generation provides a possible mechanism for 'Oil-mediated DNA damage
in the absence of a direct interaction between particles and nuclear DNA. However, the
significance of such a mechanism remains to be evaluated.
Fin<//ff£S o/i secon </a/>' js»e«0/ttv/«7y
Phagocyte-derived ROS have been suggested to be responsible for the secondary genotoxic
processes as observed in particle-exposed rats [7,37]. Among phagocytes, neutrophils have
the largest capacity to generate ROS [38,39]. Moreover, rat BAL-derived neutrophils were
shown to be more potent to induce mutations than alveolar macrophages |37|. Therefore, it is
likely to suggest that the neutrophil represents the major effector cell in secondary
genotoxicity of particles in the rat. However, the ability and mechanism of neutrophils to
induce oxidative DNA damage specifically in pulmonary epithelial target cells for particleinduced carcinomas was not yet investigated. In Chapters 5 and 6 we demonstrated using a
coincubation model that activated neutrophils caused the induction of 8-OHdCi and strand
breaks in DNA from rat lung type II epithelial cells (RLE) />; v/7r«. Interestingly, the
observations on 8-OHdG support //? v/vo studies on quartz-exposed rats, which already
provided circumstantial evidence for neutrophil-induced 8-OHdG formation in the lung
[17,18]. In addition, the data on DNA strand breakage are complementary to our own //; Wv«
observations in the rat, where epithelial DNA strand breakage was associated with neutrophil
presence and activity (Chapter 7).
The data presented in Chapter 6 indicate that neutrophil-induced DNA strand break
formation in neighbouring cells is likely to involve HjO;, which is in line with earlier
observations on non-pulmonary target cells [40,41]. Furthermore, by the identification of
specific DNA base modifications, such as 8-OHdG (Chapter 5), and by the use of specific
scavengers we and others demonstrated that a major part of DNA damage induced by
neutrophils is mediated by the intracellular generation of'OH, which parallels observations on
primary DNA damage by quartz or PM (Chapter 2-4) [40,42,43]. Interestingly, data from
Chapter 6 also suggest that a close contact between target cells and activated neutrophils is a
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prerequisite for genotoxicity to occur, because H;O; might otherwise be prematurely
consumed by for instance myeloperoxidase. In Chapter 6 we also evaluated the association
between nasal inflammation (neutrophil numbers in nasal lavage) and the induction of 8OMdCi in nasal epithelial cells from 80 children selected from a larger cohort sampled in
Nordrheinland-Westfalen (Germany). However, no clear relationship between the presence of
neutrophils and epithelial DNA damage was observed (Chapter 6).
In Chapter 7 we demonstrated that intratracheal instillation of quartz causes acute
DNA strand breakage in epithelial lung cells of the rat. Rather than evaluating whole lung
homogenates, we isolated epithelial cells in order to study DNA damage in specific target
cells for particle-induced pulmonary carcinogenesis. We found that DNA strand breakage was
reduced by treatment of the quart/ particle surface prior to instillation, indicating a crucial
role of the reactive functionalities at the silica surface. Since simple coating procedures
(aluminium lactate or PVNO) inhibited quartz-induced genotoxicity, these data further
strengthen the body of evidence that the quartz hazard is a variable entity (44], and that quartz
is not uniformly carcinogenic across industries where there is quartz exposure [5]. Most
interestingly, the inhibition of DNA damage by surface treatment was paralleled by a
reduction of inflammatory cell influx. Since neutrophils. and to a lesser extent macrophages,
are potent generators of KOS. the data suggest the contribution of a neutrophil-mediated
process of secondary DNA damage in the quartz-exposed rat. More specifically, although
observed from single dose exposures to cither native or surface-modified quartz, we
demonstrated the existence of a sort of threshold for ncutrophil-mediated DNA strand breaks
in the rat lung, which corresponds to observations from others on 8-OHdG and HPRTmutations| 10,18,17|.
Using i/i w7/o incubations we demonstrated that quartz directly activates neutrophils to
generate ROS (Chapter 7). However it needs to be emphasised that this process might not
necessarily relate to ROS generation in the lung. For instance, reference non-toxic particles
such as carbon black and titanium dioxide are often unable to elicit a direct oxidative burst in
inflammatory cells in Wfr« |45,46|, whereas instillation of these particles in the rat induces an
inflammatory reaction and subsequent ROS-mediated mutagenesis [37,47]. This would
suggest thai phagocyte-mediated ROS release and related DNA damage in the lung after
particle exposure is not only a matter of particle-phagocyte interactions, but is a consequence
of a co-operative action of particles, inflammatory phagocytes, pulmonary epithelial target
cells and cytokines. However, the presence of particles such as quartz and PM could still
impact on the ultimate genotoxic effect of the inflammatory cell-generated ROS, since a
combination of H;O; and such particles was shown to result in the formation of the
deleterious 'OH (Chapters 2-4).
ft/me /MTtyMvrftv.v «/»pa/t/c/«* j?«i0/«.viriQ"
lhe studies described in the first part of this thesis demonstrate that PM and DQ12-quartz are
able to induce primary, inflammation-independent DNA damage in epithelial lung target cells
I/I W/Z-J». As such, these data indicate that PM as well as DQ12-quartz should be considered as
genotoxic. It remains however to be established whether these mechanisms of primary
genotoxicity contribute to genotoxic processes after in v;vo exposure to quartz or PM.
Furthermore, the composition of both types of particles may vary with their origin, and it
should therefore be realised that their inherent capacity to induce DNA damage may vary
depending on their ultimate chemical and physical characteristics. This also implies that one
should be cautious in making generalisations about the mechanisms involved in the genotoxic
action of PM or quart/..
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Studies described in the second part show that neutrophils induce oxidative DNA
damage (8-OHdG. strand breakage) in alveolar epithelial cells m vi)w. Moreover, the data
support our own i>» Wvo observations in rats exposed to quartz (Chapter 7), where it seems
that at least a part of the DNA damage as observed in isolated epithelial cells can be attributed
to a secondary genotoxic effect of neutrophils. In general, these data contribute to the
consensus on a crucial role of inflammatory phagocytes in particle-induced genotoxicity in
the rat [9). Considering DNA damage (8-OHdCi, strand breakage) as a premutagenic event,
our w v/'/r« and in »TO observations are also complementary to studies which suggest lluil
particle-mediated mutagenicity (HPRT, p53) in the rat lung is driven by neutrophil-dcrived
ROS [18.37].
In this thesis the role of oxidants in particle-induced DNA damage was investigated
using an approach which included a whole array of tests ranging from ;n viVro acellular
incubations to //> v/vo studies in rats and humans (Figure I). This allowed us to separately
investigate mechanisms involved in either primary or secondary particle-induced DNA
damage. The acellular assays as described in the first part represent valuable tools for an
efficient and fast screening of the ROS-generating capacity and associated ability of particles
to induce damage in naked DNA. However, it should be kept in mind that the effects as seen
in these assays, where DNA is in direct contact with high particle concentrations, are unlikely
to occur in cellular DNA. As such, for purposes of mechanistical research, acellular assays are
only useful to supplement findings on particle-induced genotoxicity in cellular assays.
Cellular genotoxicity studies, attempting to contribute to the elucidation of mechanisms
involved in particle-induced carcinogenicity should ideally be performed by using target cells
relevant for neoplastic outcomes [9]. Also ;M V/VO studies should focus on specific target cells
instead of evaluating DNA damage in whole lung homogenates or inflammatory cells
obtained by BAL. We showed that isolation of epithelial cells, as described in Chapter 7
provides an opportunity to tackle particle-induced ;n v/V« genotoxicity in a 'multiple-marker'
approach, since the contribution of various factors, including inflammatory cell influx,
antioxidant status and cytotoxicity can be evaluated within a single animal. Moreover, when
applied in studies evaluating DNA damage at different time points and multiple doses, in
combination with a DNA repair assessment, this model could be of great value to provide
more insight in kinetics and persistence of particle-induced DNA damage in the rat.
Although data from Chapter 7, together with the /« v/7r« observations from Chapters 5
6 6, suggest the involvement of neutrophils in quartz-induced DNA damage in the rat lung,
recent studies indicate that also other processes should be considered [18,48]. An alternative
process would be a primary /« v/vo genotoxic effect of quartz, as already indicated by our /«
v/Yro studies (Chapter 4). However, it must be realised that the rat is not completely valid to
investigate /« v/'vo primary DNA damage, since particle exposure will always be accompanied
by a certain level of neutrophil influx. As a consequence, the rat model as applied in Chapter
7 can only be used to indirectly assess the contribution of primary genotoxicity, for instance
by comparing epithelial DNA damage induced by primary genotoxic particles with effects of
non-genotoxic particles (e.g. TiO;) or compounds (e.g. endotoxins), administered at doses
eliciting an equal neutrophil influx. However, the best and most direct method to evaluate /»
v/vo primary genotoxicity in the rat would be to inhibit the influx of neutrophils after particle
exposure, what could be achieved by depletion of the rat lung from alveolar macrophages
[49].

The major question that remains to be answered, is whether the mechanisms of particleinduced DNA damage as discussed in this thesis are relevant to humans. Considering primary
genotoxicity of particles, it can be assumed that humans are at a certain risk at any exposure.
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In other words, for non-inflammatory doses the exposure-response relationship for primary
genotoxicity is expected to be more or less linear. Secondary genotoxicity on the other hand,
will only occur at particle doses that elicit a significant inflammatory cell influx with
associated ROS generation, at levels that overwhelm the pulmonary antioxidant- and DNA
repair capacity. As such, a dose-response relationship for particle-related secondary
genotoxicity will have a threshold, as illustrated in Chapter 7. However, this concept of
secondary genotoxicity is based on rat studies using particles mostly at overload doses. Since
genotoxicity and carcinogcnicity observed in this model are obviously high dose effects, the
extrapolation to humans, generally exposed to much lower particle concentrations and having
a less extensive inflammatory response, is a major subject for ongoing debate [9|.
Another point of discussion could be the specific role of the neutrophil. Although
shown beyond doubt /« w'/r«, the genotoxic effect of neutrophils on respiratory tract epithelial
cells m v/m is only indirectly demonstrated, and largely based on observations in particleexposed rats. Since the nasal lavagc fluid from healthy persons mainly contains neutrophils
(-80% of total cells), this led us to suggest that the nose would be an appropriate 'model' to
evaluate neutrophil-induced DNA damage in the human respiratory tract. However, to our
own surprise we could not find a clear relation between neutrophil numbers present in nasal
lavagc and 8-Olid(i formation in nasal epithelial cells (Chapter 6). Although one could think
of various explanations for this discrepancy, the data indicate that only the presence of
neutrophils is not necessarily linked to epithelial DNA damage. Therefore, models are needed
that allow to study the causal relationship between neutrophils and pulmonary genotoxicity in
v/v<». and to assess the importance of other possible contributing factors, such as the presence
of alveolar mucrophuges, particles, cytokines or growth factors.
Secondary to a discussion on the causal relationship between neutrophils and
pulmonary genotoxicity in general, it should be realised that, in contrast to the rat, the
inflammatory response in humans chronically exposed to crystalline silica is mainly
characterised by an influx of macrophages and lymphocytes, whereas only minimal increases
in neutrophils are seen |5|. Together with the fact that we could not find a relation between
neutrophils and nasal epithelial DNA damage, these observations raise the question whether
neutrophils play a significant role in secondary genotoxicity of chronically particle-exposed
humans at all. On the other hand, recent data on humans acutely exposed to PM suggest that
neutrophils might play a role in the more acute phase of particle exposure (50). In conclusion,
together with these observations on humans, the data presented in this thesis demonstrate that
the relation between particles, neutrophils and respiratory tract genotoxicity is a complicated
one. and that a definite mechanism of secondary genotoxic processes during particle exposure
still remains to be determined. Therefore, the studies as described in Chapters 5-7 should be
considered as a starting point to further elucidate the significance and role of neutrophils in
particle-induced genotoxicity /»; v/Vo.
In the present thesis mechanisms involved in the induction of primary and secondary
particle-induced DNA damage were evaluated. However, it should be emphasised that this
approach docs not provide any insight into more downstream processes of carcinogenesis
associated with chronic particle exposure, (-'specially for purposes of risk assessment, it must
be realised that genotoxicity only relates to DNA reactivity, which means that it is essentially
not the same as carcinogcnicity. Therefore, whereas the data presented in this thesis indicate
that particles (PM. quart/) as well as inflammatory phagocytes (neutrophils) induce ROSmediated DNA damage in target cells relevant for tumourigenic outcomes, the implication of
these processes for particle-related lung carcinogenesis requires much further study.
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Samenvatting

Chronische inademing van deeltjes zoals tijn stof (Engels: paniculate air pollution, ofwel
paniculate matter. PM) en kristallijn silica (kwarts) kan longkankcr veroorzaken in zowel
ratten als mensen. Echter, de mechanismen die een rol spelen in de vorming van ecu
longtumor na blootstelling aan stofdeeltjes zijn nog niet opgehelderd. In hot algemecn geldt
dat genotoxische gebeurtenissen een belangrijke rol spelen in carcinogencse. Door /» Wfw
studies is aangetoond dat de genotoxische eigenschappen van deeltjes worden hepaald door
diverse kenmerken zoals grootte. vorm. chemische samenstcllmg. kristallinitcit.
oplosbaarheid, en reactiviteit van het deeltjesoppervlak. /« »m) studies hehben echter latcn
zien dat tumorvorming in de rattelong niet zozeer afhankelijk is van de intrinsieke
genotoxische activiteit van de deeltjes. maar meer een gevolg is van (chronische)
inflamniatoire processen. Dit betekent dat men ter bestudering van het mechunisme van
deeltjes-genotoxiciteit een onderscheid dient te maken tusscn primaire (door deeltjes
veroorzaakte) en secundaire (door inflammatie veroorzaakte) genotoxische eiTecten. In beide
processen speelt de productie van reactieve zuurstof species (R/S) een belungrijke rol. I)e
doelstelling van dit proefschrift was om DNA schade te besluderen in long epitheel cell en na
blootstelling aan deeltjes. De nadruk lag hierbij vooral op de rol van R/S. In het eerste deel
van het proefschrift (hoofdstukken 2-4) zijn mechanismen van primaire genotoxicitcit
beschreven, terwijl in de hoofdstukken 5-7 speciale aandaclit is gegeven aan secundaire
genotoxische processen. Daann ligt de nadruk op de specifieke rol van neutrofielcn, omdat
dczc ccllcn mogclijk ccn bclati^njkc functic vcr\ ullcii in sccunduirc ycnotoxicilcil IM de rut.

De studies zijn uitgevoerd met zowel PM als kwarts (DQ12). Van beide stofTen is bekend dat
ze een verscheidenheid aan respiratoire aandoeningen kunnen veroorzaken, waaronder
longkanker.

In het eerste deel van het proefschrift (hoofdstukken 2-4) worden mogelijke mechanismen van
primaire genotoxiciteit van kwarts en PM beschreven. De nadruk in deze studies lag
voornamelijk op de functie van het hydroxyl radicaal ("OH), omdat dit het meest reactieve
zuurstof species is. Daamaast hebben in het verleden reeds verschillende studies indirect
bewijs geleverd voor een mogelijke rol van 'OH in de genotoxische effecten van PM en
kwarts. Om te onderzoeken of PM en kwarts inderdaad 'OH kunnen produceren is in de
hoofdstukken 2-4 gebruik gemaakt van elektron spin resonantie (ESR). Hieruit bleek dat de
vorming van 'OH door beide stofdeeltjes in grote mate werd versterkt na toevoeging van
waterstofperoxide (H;O:). Dit duidt op een mogelijke rol van Penton readies, hetgeen
impliceert dat transitie metalen betrokken zijn. De vorming van 'OH door PM kon worden
geblokkeerd door de toevoeging van deferoxamine. Dit suggereert dat ijzer een belangrijke rol
speelt (hoofdstukken 2 en 3). Voor kwarts geldt dat de productie van 'OH voor een groot deel
verklaard kan worden door de reactiviteit van het deeltjes-oppervlak. Dit werd inderdaad
bevestigd door (niet in dit proefschrift beschreven) experimenten waarin "OH productie door
DQ12-kwarts kon worden geredueeerd na behandeling van het deeltjes-oppervlak met
aluminium lactaat of polyvinylpyridine-N-oxide (PVNO).
De gezamenlijke eigenschap van PM en kwarts om 'OH te kunnen produceren duidt
mogelijkerwijs op een overeenkomstig mechanisme dat betrokken is bij de primaire
genotoxiciteit van beide deeltjes, zeker gezien de reactiviteit van het OH-radicaal. Detectie
van DNA strengbreuken en 8-hydroxydeoxyguanosine (8-OHdG) werden gebruikt als (semi-)
specifieke methoden om DNA schade door 'OH nader te bestuderen. In de hoofdstukken 2 en
3 werd aangetoond dat PM zowel DNA strengbreuken als 8-OHdG kan induceren in naakt
DNA (plasmid-assay, dot-blot analyse). Dit effect bleek duidelijk te zijn gerelateerd aan de
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mogelijkheid van PM om 'OH tc produceren. Vergelijkbare experimenten toonden aan dat dit
tevens het geval was voor kwarts.
()ok in ccllulaire Systemen is de primaire genotoxiciteit van PM en kwarts bestudeerd.
Hicrvoor is gebruik gcmaakt van alveolaire epitheel cellen van zowel rat (RLE) als humane
(A549) oorsprong. Alveolaire epitheel cellen worden gezien als een specifiek doelwit voor
tumor vorming na langdurige blootstelling aan deeltjes. Zowel kwarts als PM veroorzaakten
primaire DNA schade (8-OHdG en DNA strengbreuken) in beide cellijnen. Net als in kaal
DNA bleek dat ook in de epitheel cellen een groot deel van de DNA schade, veroorzaakt door
beide deeltjes, kon worden tocgeschreven aan dc vorming van 'OH. De HSR experimenten
toonden aan dat dc aanwc/.igheid van H?O; een belangrijke factor is voor PM en kwarts om
"OH tc kunncn genercren. In hoeverre watcrstofperoxide, mogelijk endogeen geproduceerd,
een belangrijke rol speelt in de vorming van "OH in de epitheel cellen zal nog verder moeten
worden uitgc/.ocht.
(let is bclangrijk om te realiseren dat PM en kwarts twee totaal verschillende soorten
xtoidccltjcs zijn. Dit impliceert dat er verschillende mechanismen ten grondslag kunnen
liggen aan dc vorming van 'OH en de hieraan gerelateerde inductie van DNA schade. DO 12kwarts is grotcndccls homogcen en bcsiaai voor ongeveer 90% uit kristallijn silica (de rest is
amorf silica). PM daarcntcgen. heeft een zeer complcxe en heterogene samenstelling. Het
bclangrnkstc verschil is echter dat. in tcgenstelling tot kwarts. een groot dcel van PM
oplosbaur is. In hooldstuk 3 is aangetoond dat de onoplosbare deeltjes-tractic- van PM
mogclijkcrwijs ecu bijdragc Icvcrt aan de ccllulaire genotoxiciteit. Echter, de eigenschap van
PM om 'Oil tc produceren en DNA tc beschädigen bleck loch grotcndeels dc
vcrantwoordclijkheid van water-oplosbare componenten. De belangrijkste factor hierin is
wanrschijnlijk ijzer (hoofdstukken 2 en 3). Voor kwarts is reeds aangetoond dat "OH productie
voomamclijk kan worden toegeschrcven aan dc reactiviteit van het oppervlak van de
onoplosbare deeltjes. Vanwege de extreem hoge reactiviteit van het OH-radicaal zal het alleen
met DNA kunncn rcagcren indien het ook in dc directe omgeving hiervan is geproduceerd.
Het is echter onwaarschijnlijk dat de waargenomen DNA schade een gevolg is van de
productie van 'OH direct aan het kwarts-oppervlak, zeker gezien het feit dat in de celkern
geen kwartsdeeltjcs konden worden gcdetcctecrd (niet gepubliceerde observaties).
Concluderend. de studies gepresenteerd in het eerste deel van dit proefschrift tonen
aan dat I'M en kwarts DNA schade kunnen veroorzaken in long epitheel cellen. Hierin blijkt
een belangrijke rol te zijn wcggelegd voor het hydroxyl radicaal. Het blijft echter onduidelijk
of dcze mechanismen van primaire />» v/7r» genotoxiciteit ook j'n wv« een rol spelen. Verder
mod tuen /ich realiseren dat in werkelijkheid de samenstelling van zowel PM als kwarts
variabel is. Dit impliceert dat de capacitcit van beide deeltjes om DNA schade te veroorzaken
wordt bepaald door hun uiteindclijke fysiekc en chemische eigenschappen. Dit houdt tevens
in dat men voor/ichtig moet zijn met het generaliseren van de mechanismen die mogelijk
leiden tot ecu genotoxisch effect van PM en kwarts.
>
Op dit moment wordt gedacht dat dc productie van RZS door fagocyten een belangrijke rol
speelt in de scciuulaire genotoxischc effecten van stofdeeltjes. In de rattelong wordt de
inllammatoire response na blootstelling aan deeltjes gekenmerkt door een sterke tocname van
het aantal neutrotielen. Van alle fagocyten hebben de neutrofielen de grootste capaciteit om
RZS te produceren. Dit suggeriert dat in de rat de neutrofiel mogelijkerwijs een cruciale rol
speelt in de genotoMsche effecten \an deeltjes. In de hootdstukken 5 en 6 is aangetoond dat
geactivcerde neutrofielen inderdaad 8-OHdG en DNA strengbreuken kunnen veroorzaken in
RLE cellen. Hierbij is gebniik gemaakt van een I'/I vifru co-incubatie model waarin RLE
cellen worden blootgesteld aan neutrofielen. De data gepresenteerd in hoofdstuk 6 geven
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verdcr aan dat dc productie van H:O? door neutrofielen een belangrijke rol speelt in dc
vorming van DNA strengbreuken. Ook is aangetoond dat ecn direct contact tussen dc
neutrofiel en de target eel ecn voorwaardc is voor de induetie van DNA schade. Met feit dat 8OHdG wordt gevormd in de RLE cellen gecft aan dat een deel van de DNA schade
veroorzaakt door neutrofielen kan worden verklaard door de intracellulaire productie van "OH
(hoofdstuk 5). Hoofdstuk 6 beschrijft tevens een in vivo Studie waarin de rclutic tussen
inflammatie en DNA schade in de humane ncus werd ondcrzocht. In een groep van 80
kinderen werd bepaald in hoeverre het aantal neutrofielen in een nciislavngc was gerelateerd
aan DNA schade in epitheelcellen. verkregen door middel van een neusbrush. Met doze studio
hoopten we de vraag te beantwoorden of neutrofielen ook genetische schade kunnen
veroorzaken in de luchtwegen van de mens. Echter, er kon geen duidolijke correlatie worden
waargenomen tussen de aanwezigheid van neutrofielen en de mate van DNA schade (8OHdG) in nasale epitheel cellen.
In Hoofdstuk 7 is een /// vivo studic gepresenteerd waarin wordt aangelooiul dal
intratracheale instillatie van DQI2-kwarts gepaard gaat met de induetie van DNA
strengbreuken in het long epitheel van de rat. In de/e studio werden long epilheel cellcn
geisoleerd, om zodoende DNA schade te kunnen bestudcren in cellcn die een specilick
doelwit zijn voor carcinogeniteit veroorzaakt door stofdccltjes. De mate van DNA schade
(strengbreuken) kon worden gereduceerd wanncer de kwartsdecltjcs vooraf waren bchandcld
met de oppervlakte modificerende Stoffen aluminium lactaat of PVNO. De/e cxpcrimcnicn
tonen niet alleen aan dat kwarts in vi'iv» DNA schade kan voriK>rzakon. maar levcren tcvens
een bewijs dat in dit proces een belangrijke rol is weggelegd voor dc rcactiviteit van het
kwartsdeeltjes-oppervlak. Een andere belangrijke bevinding was dat dc rcductie van DNA
schade door oppervlakte coating gepaard ging met een verminderde influx van inflammaloirc
fagocyten, en dan vooral neutrofielen.
Concluderend geven de studies in het tweede deel van dit proefschrift aan dat
neutrofielen DNA schade kunnen veroorzaken in long epitheel cellcn ;/i Wf/v*. Ook de /;/ Wvo
studie van hoofdstuk 7 toont aan dat in de rat tenminste een deel van de DNA schade na
blootstelling aan kwarts kan worden toegeschreven aan neutrofielen. De data bevestigen
tevens de heersende opvatting met betrekking tot de cruciale rol van inflammatoire fagocyten
in de (seeundaire) genotoxische effecten van deeltjes in de rat. Indien DNA schade kan
worden beschouwd als een pre-mutagene gebeurtenis, dan zijn de beschreven data tevens
complementair met eerdere i« vivo studies waarin werd aangetoond dat neutrofielen betrokken
zijn bij mutagene effecten van kwarts in de rat (HPRT, p53). In hoeverre neutrofielen
betrokken zijn bij genotoxische processen in de humane luchtwegen blijft echter onduidelijk.

In dit proefschrift is een hele serie van verschallende experimenten gebruikt om de
genotoxiciteit van deeltjes nader te bestuderen. De gebruikte methoden varieerden van
acellulaire ;;; \;7ro ineubaties tot /« vivo studies met ratten en mensen. Hierdoor was het
mogelijk om primaire en seeundaire genotoxiciteit van stofdeeltjes separaat te onderzoeken.
De acellulaire chemische methoden beschreven in de hoofdstukken 2-4 kunnen worden
beschouwd als een waardevol hulpmiddel om op een snelle en efficiente manier deeltjesgenotoxiciteit te screenen. Echter, men moet zieh realiseren dat zulke methoden, waar kaal
DNA in direct contact wordt gebracht met relatief grote hoeveelheden stof, ver af staan van de
werkelijkheid. Daarom kunnen deze experimenten alleen worden beschouwd als een
aanvulling op cellulaire testmethoden. Genotoxiciteits-studies met als doel om het
carcinogene risico van stofdeeltjes te bestuderen, moeten idealiter worden uitgevoerd met
cellen die een relevant doelwit zijn voor de uiteindelijke ontwikkeling van een tumor. Dit geld
zowel voor i« vivo als i« w7ro studies. De methode zoals beschreven in hoofdstuk 7 schept de
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mogclijkheid om genotoxiciteit van stofdeeltjes te analyseren op een multifunctionele manier,
omdat de bijdrage van diverse factoren, zoals inflammalie. toxiciteit en antioxidant capaciteit
kan worden gcanalyscerd binnen een cnkel dier. Echter, zulke rat modeilen zijn niet geschikt
om dc mechanismen van primaire en secundaire genotoxiciteit separaat te onderzoeken. In de
rat gaat blootstelling aan deeltjes namclijk altijd gepaard met een bepaalde mate van
infiammatic. ()m beide processen individueel te kunnen onderzoeken. moeten meer verfijnde
/« v/W modcllcn worden ontwikkeld. Ook de specifleke rol van de neutrofiel verdient extra
aandacht. De genotoxische activitcit van ncutrofielen mag dan wel onomstotelijk zijn
aangctoond in /« v//r« studies, de rol van de neutrofiel in genotoxiciteit />i v/v« is vooralsnog
voomamelijk gebascerd op associatieve waamemingen in dc aan stofdeeltjes blootgestelde
rat. Daarnaaxt rent de vraag of de beschreven mechanismen van primaire en (door neutrofielen
veroorzaakte) secundaire DNA schade van relevatie zijn voor de mens.
Tot slot: dil proefschrifl beschrijft een aantal processen die mogelijk betrokken zijn bij
primaire, dan wel secundaire DNA schade vcroorzaakt door stofdeeltjes. Vooral met het oog
op riiicobcoordcling moct worden benadrukt dat genotoxiciteit alleen verwijst naar DNA
rcactivitcit. Ook al hebben on/c studies aangetoond dat deeltjes (PM. kwarts), alsook
ncutrofielen. DNA schade kunnen veroorzaken in ccllcn die relevant zijn voor carcinogenese.
de imphcutic hiervan voor dc uitcindclijke ontwikkeling van longtumoren zal nog verder
moctcn worden oiulcr/ncht.
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