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STELLINGEN

De conclusie van Pryor dat ozoniden een ondergeschikte rol zouden spelen in de
door ozon geinduceerde longtoxiciteit is onjuist.

- WA Pryor (1991), Am. J. Clin. Nutr., 53, 702-722.
- W.A. Pryor (1994), Free Rad. Biol. & Med., 17, 451-465.
- Dit proefschrift

De hypothese van Ewing et a/. dat ozoniden van onverzadigde vetzuren, op
basis van hun structuur-overeenkomst met peroxiden, op eenzelide wijze zouden
reageren wordt wetenschappelijk niet bevestigd.

- J.C. Ewing, J.P. Cosgrove, D.H. Giamalva, D.F. Church en W.A. Pryor
(1988), Lipids, 24, 609-615.
- Dit proefschrift

Vitaming E beschermt tegen ozoniden via versnelling van de chemische
decompositie bij fysiologische temperatuur.

- Dit prosfschrift

Acute toxiciteitstesten (LDsp) leveren zo weinig informatie op dat ze afgeschaft
zouden moeten worden.

De conclusie van Carlsen ef al. dat de spermakwaliteit gedurende de laatste
vijftig jaar is afgenomen met circa 50%, de uitkomst van een meta-analyse van
61 publicaties, wordt niet wetenschappelijk onderbouwd en kan derhalve in twiifel
worden getrokken.

- E. Carfsen, A. Giwercman, N. Keiding en N.E. Skakkebaek (1992), Br.
Med. J, 305, 609-613.




6. De aandacht die overheden besteden aan het monitoren van het voorkomen van
dioxines in voedingsmiddelen na de Belgische dioxine affaire is onterecht, gezien
de algemene daling van het huidige emissie-niveau van deze verbindingen. Beter

~zou Zijn om energie te stoppen in het opruimen van oude voorraden om
dergelijke incidenten in de toekomst te voorkomen.

- J.H. Koeman (2000), Het venijn zit in de staart.

7. Van uitstel komt niet altijd afstel.

- Dit proefschrift
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GENERAL INTRODUCTION




Chapter 1

Introduction

Ozone, which occurs at ppm levels in photochemical smog, is formed by secondary
photochemical reactions involving volatife organic compounds and nitrogen. [t is the most
powerful oxidant to which humans are more or iess continually exposed and presents a
health problem {Lippmann, 1989; Leikauf and Shertzer, 1999; Pryor, 1993, WHO, 1979).
The respiratory system is the primary target of ozone toxicity. Individuals with respiratory
diseases, including asthma, and exercising people outdoors have been considered to be
groups at risk for ozone exposure (Kreit ef al., 1989 Cody ef al., 1992; Spektor ef af., 1988;
Raizenne et al., 1989, Horstman et al, 1990). For instance, it has been reported that
among regions with periodic accumulations of ozone in the ambient atmosphere a
significant relationship between hospital visits for asthma and ozone concentration was
identified (Cody ef af., 1992).

Inhalation of ozone at ambient concentrations is known to have a variety of effects
(Menzel, 1984; Lippmann, 1989). These include increased non-specific airway reactivity
(Hazucha et al., 1989}, changes in chemical composition of lung lavage fluids (Seltzer et
al., 1986; Koren et al., 1989; Devlin, et al., 1991), damage to the underlying cells (Plopper
et al., 1973; Pickrell et al., 1987; Pino, et al, 1992}, changes in the activity of enzymes
(DelLucia, et al., 1972, Castleman, ef al., 1973, Boehme et al., 1992), increased epithelial
cell permeability (Mustafa, 1990), activation of fibrogenic processes {Hesterberg and Last,
1981, Pickrell et al., 1987} and induction of an inflammatory response {Lippmann, 1989,
Pino et al., 1992). Besides pulmonary effects also systemic effects on other organs have
been described such as effects on the immune system {Aranyi et al., 1983), altered liver
metabolism (Graham, ef al, 1981, 1982) and changes in erythrocyte metabolism
(Calabrese et al., 1983).

Reactivity of ozone

The high reactivity of ozone makes it unlikely that it can penetrate far into the tissuefair
boundary in the lung (Pryor, 1992, 1993). On the basis of calculations it has been
suggested that the majority of the ozone reacts in the lung lining fluid layer before ozone
can reach the membranes of the epithelial cells lining the lung surface (Pryor, 1992).
Therefore, many of the pulmonary effects and the effects of ozone on distant targets (such
as red blood cells) must be mediated by secondary or tertiary toxins that are formed in the
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reactions of ozone with more accessible target molecules that lie closer to the pulmonary
airftissue boundary.
Only a few biomolecules have a high intrinsic susceptibility towards ozone. These
include the following chemical moieties and target molecules:
- carbon-carbon double bonds in mono- and polyunsaturated fatty acids, and
cholesterol (Roehm et al,, 1971; Balchum et al., 1971, Pryor et al., 1976; Pryor et
al., 1991a; Pryor et al., 1992)

- amino acids, including tyrosine, tryptophan and histidine and the sulphur-
containing amino acids cysteine and methicnine, (Mudd et al., 1969, Pryor ef al.,
1984; Pryor and Uppo, 1993},

- proteins (Del.ucia et al., 1972),

- reducing agents such as ascorbate, vitamin E, and urate {Giamalva et al., 1985).

It has long been considered that the double bonds in mono and poly unsaturated fatty
acids are the primary targets for ozone (Roehm ef al., 1971; Balchum ef a!., 1871, Pryor, et
al., 1991a; Pryor and Church, 1991; Giamalva ef al., 1983; Pryor, et al., 1996, Mudd and
Freeman, 1977). This is not surprising when it is considered that lung lining fluids, the first
thin layer of molecules ozone meets in the lung, contain about 90% lipid and 10% protein.
The cencentration of unsaturated fatty acids, and particularly monounsaturated fatty acids,
in the lipids is appreciable (Harwood et af, 1975; King, 1974; Sahu et al., 1976; Shelley et
al., 1984). It is highly probable therefore that the toxic effects of ozone are mediated by
lipid ozonation products formed in the reaction of ozone with unsaturated fatty acids.

Reaction of ozone with unsaturated fatty acids: the Criegee ozonation mechanism

The reaction of ozone with unsaturated compounds has been the subject of extensive
studies for about 100 years (Harries, 1905). The principle reaction pathway of ozone with
unsaturated fatty acids is accepted to be the so-called Criegee ozonation after the chemist
who first discovered the intermediates invelved (Criegee, 1957; 1975).

Figure 1.1. schematically presents this Criegee ozonation. In this mechanism ozone
adds to a double-double bond in an olefin, 1, to produce a 1,2.3,-trioxolane 2 (or primary
ozonide). This species is unstable and fragments through heterolytic cleavage into an
aldehyde, 3 and a reactive species called a carbonyl oxide, 4 (Bailey, 1978). These
preducts then proceed by one out of two possible pathways. In lipophilic solvents, the
aldehyde and the carbonyl oxide recombine to form the Criegee ozonide, 5 {(a 1,2,4-
trioxolane). In protic solvents {called “participating solvents”), the carbonyl oxide is trapped
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Chapter 1

and a lower yield of Criegee ozonide is produced (Bailey, 1978, Squadrito et al., 1992). For
exampie, if water is present the carbonyl oxide can react to give hydroxyhydroperoxides, 6,
and, ultimately hydrogen peroxide and a second aldehyde (Santrock et af., 1992; Pryor
and Church, 1991; Pryor ef al., 1991a,b).

O el
H H 0" So /0 o'
o]
\C:C/gau- H-‘\Cig{,_—H — - R*C/ + R'ic,//
. < m M \,
Unsaturated lipid 1, 2, 3 - trioxolane Aldehyde Carbonyl oxide
1 2 3 4
H,0
0 H 0
R N R'
! —~C -~
H,0, + R'——C// j—— R-‘é—OH c

Y NooH W b d N

Hydroxyhydroperoxide Criegee azonide
6 5

Fig. 1.1 Criegee ozonation of an olefin both in the presence and absence of water.

Lipid ozonation products in the lung upon ozone exposure

Unsaturated fatty acids are present in relatively high concentrations in both the lung
lining fluid and the membranes of the cells that line the airways (Pryor, 1992; Pryor ef af.,
1895). The lipids of lung surfactant in different animals contain levels of unsaturated fatty
acids from 15 up to 40 % (King, 1974, Harwood, et al., 1975; Sahu, ef al., 1976; Shelley, of
al., 1984). To some degree the lung surfactant resembles an aqueous emulsion of fatty
acids and other materials. As mentioned earlier, the presence or absence of water controls
the types of products that are formed in ozonation reactions. This, therefore, implies that
hydrogen peroxide and aldehydes, rather than the Criegee ozonides will be the principle
products formed (Prycr, 1991; Prycr ef al,1991 a b; Pryor, 1992 Pryor, 1994). However,
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under aquatic conditions also small but significant yields of about 10% of the Criegee
ozonide have been found (Pryor and Wu, 1992, Squadritc ef al., 1992).

In centrast to the situation in the lung lining fluid, the reaction conditions in lung cells will
be different. A lipid membrane is a multiphase system composed of hydrated
phospholipids. The polar head groups of the lipids are located at the outer surfaces of the
membrane, in contact with the aqueocus medium. The fatty acid side chains are
sequestered within the hydrophobic interior of the membrane, where the concentration of
water is exceedingly low (Casal, 1989; Santrock ef al., 1992). In this case ozonides will be
the main products formed (Roehm ef al, 1971; Bailey, 1978; Srisankar and Patterson,
1979; Lay et al., 1990).

Thus, both routes of Criegee ozonation of unsaturated fatty acids will in fact take place
in the lung upon ozone exposure. It has been suggested that, because lung lining fluid
layer contains water, the aqueous route resulting in the formation of aldehydes, will be
more important than the formation of the Criegee ozonide (Pryor, 1994). Moreover,
aldehydes have been detected in lung lipids and bronchoalveoclar lavage of rats exposed to
ozone {Rabinowitz and Bassett, 1988; Cueto, ef al., 1892, Pryor, et al., 1996). However, it
should be stressed that this does not exclude the involvement of ozonides. First of all,
ozonides will be mainly formed in the lipid bilayer membrane and the isoclation and the
detection of these molecules in vivo will be much more difficult. Moreaver, once czonides
are formed they may further react in the membrane bilayer or they might be released from
the membrane and react with other compounds under the formation of aldehydes.
Secondly, in vivo exposure of experimental animals t¢ ozonides result in specific lung
damage resembling the ozone induced damage (Cortesi and Privett, 1972). Finally,
comparison of the celtular toxic effects of ozonides to those induced upon exposure to
equitoxic amounts of aldehydes it showed to be that ozonides are more toxic (Hempenius
¢t al, submitted). This implies that although ozeonides are formed in smaller amounts than
aldehydes the formation of ozonides may be have a greater impact due to the higher
toxicity.

Lipid ozonation products as secondary toxins in ozone-induced toxicity

Taking into account the high reactivity of ozene, which makes it unlikely that it can
penetrate far into the lung, together with the identification of lipid degradation products in
branchoalveolar favage from rats exposed to ozone, it is highly possible that the lipid

ozonation products act as secondary toxins in ozene-induced toxicity. On the basis of this
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assumption a cascade mechanism has been put forward by Pryor et al. (1995) and Leikauf
and Shertzer (1999). The cascade mechanism suggests a mechanistic link between the
primary reactions of ozone with the earliest target molecules it encounters, and the
ultimate physiological effects of inhaled ozone (Fig. 1.2).

Intracelhslar Molecules
Release of endogenous mediators
of inflammation (9.g. PAF)

Fig. 1.2 Diagram of the cascade mechanism of ozone. When ozone enters the tung
it will react with proteins and phospholipids primarily in the surfactant and mucus
layer lining the alveolus airway. Molecules of ozone that penetrate this layer will
react with proteins and phospholipids in the plasma membrane. Only a small
fraction of the ozene inhaled will penetrate the plasma membrane and react with
intracellular molecules. Preferred target molecules for czone are proteins and
unsaturated fatty acids. Oxidized proteins may function differently. When the
unsaturated fatty acids in the phospholipid moiety are attacked by ozone
hydroxhydroperoxides, aldehydes, H;0; and fatty acid ozonides will be formed.
They can subsequently react with proteins and other intra and extracellular
molecules (adapted from Leikauf and Shertzer, 1999)
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Observations that lipid ozonation products cause the same or similar effects as caused
by ozone itself is the starting point for this theory. In the early seventies Cortesi and Privett
(1972) investigated the toxicity of fatty acid ozonides and peroxides and their effects on
animal tissue. The results indicated that the toxicity of these compounds were similar in
many respects to that produced by ozone. Furthermore, it has been demonstrated that the
antioxidant protection of cells against methyl linoleate ozonide shows characteristics
similar to those seen in of antioxidant protection against ozone itself (Rietjens et al., 1987).

In addition, ozonides were shown by Menzels group (Menzel et al., 1975) to be capable
of further oxidation of lipids in cellular membranes and the oxidative destruction of both
nenprotein and protein thiols. They suggested that the results could explain the divergent
protective effects of lipid antioxidants and thiol generating systems in vivo (Menzel ef al.,
1875).

Lipid ozonation products have also been shown to affect the release of secondary
mediators that can be related to the pathogenesis of ozone-associated lesions. Pryor ef al.
(1996) suggested that aldehydes act as signal transduction molecules by activating lipases
and causing the release of inflammatory molecules. Further, an increase of eicosanoid
release was observed when human airway epithelial cells were incubated with
hydroxyhydroperoxides (Leikauf, ef a/., 1993, 1995), a phenomenon alsc seen upon ozone
exposure (Seltzer ef al., 1986, Leikauf et al., 1995; Koren et a/., 1989; Lippmann, 1989).
Finally, it has been shown that both the Criegee ozonide and the aldehyde from 1-
palmitoyl-2-oleyl-si-glycero-3-phosphocholineg altered the activity from phospholipase A;
{Salge et al., 1994). As a consequence fatty acid ozonides will be released from the cell
membrane and can react with other macromolecules in the environment.

The Criegee ozonide

To further understand the role of ozonides in relation to ozone-induced toxicity
knowledge of the chemical reactions that ozonides underge is important. We know that
czonides will be formed in lipid membrane bilayers and even in small amounts in aguecus
environments, Moreover, they have been shown to be a substrate for phospholipase A,
and as a consequence they might be released from the cell membrane. Therefore, an
important question that remains is what the fate of the ozonide will be both within the
membrane and when it is released from the cell membrane.

Fatty acid ozonides are relatively stable compounds. Ewing et al. (1989a,b) have
reported rate constants for the thermal decomposition of allylbenzene ozonide and 1-
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octene ozonide at temperatures ranging from 50 to 98°C for both of approximately two
days. In addition, for tetra substituted ethylene ozonides when heated up to 80°C for 36
hours there was no detectable decomposition observed (Griesbaum et &/., 1989a). Only at
temperatures above 100°C did homolytic cleavage of the di-isopropyl ozonide occur at a
significant rate {Story et al., 1968).

Ozonides are known to react with nucleophilic agents. Well known is the nucleophilic
attack at the peroxidic bridge. A nucleophitic attack of water at one of the oxygen atoms of
the peroxy moiety results in the formation of aldehydes and hydrogen peroxide (Bailey,
1978; Roberts and Caserio, 1981, Griesbaum, et al., 1989b} (Eq. 1).

/H\ o_o " H H
Hof + c/‘) &)\: Vs \C:O + H0, + ozc/ (Eq. 1)
& %

—_—
VAN

By replacing water with glutathione {(GSH) aldehydes and GSOH will be formed. GSOH
will, as also is the case in the reaction of GSH with peroxides, further react with GSH to
form oxidized glutathione {GSSG) (Prohaska, 1980). A mechanism for the reaction of the
ozonide of methyl linoleate and glutathione has been proposed by Vos et al. {1989). This
includes a nucleophilic attack by GSH at one of the peroxidic atoms. The resulting
products are aldehydes and GSSG, with the glutathione-conjugate occurring as an
intermediate. In addition, it was shown that the reaction can be catalysed by glutathicne S-
transferase in a simitar way to their peroxidase activity with lipid hydroperoxides as
substrates (Vos el al., 1987; 1989).

A second well known reaction of nucleophiles with ozonides is the nucleophilic attack at
a CH-bond of the 1,2 4-trioxolane ring. An example of this reaction is the reaction of
ozonides with methancl (CH;OH). The use of this reagent results in the formation of an
aldehyde and a carboxylic acid (Eq. 2) (Bailey, 1978; Roberts and Caserio, 1981,
Griesbaum et al., 1989b).
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Rjyoo R 0 C/H

/s & o

- , R + 00— {Eq. 2)
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In clarifying the possible reaction pathways of ozonides, which they utilise to exert their
toxic effects, the decomposition of ozonides into radicals should not be excluded.
Especially in view of the fact that ozonides are peroxides, and numerous alkyl peroxides
are utilized as free radical initiators (Sheldon, 1983; Prycr, 1966). Moreover, it has been
demonstrated that the ozonide from allylbenzene is capable of initiating the autoxidation of
methyl linoleate at 37°C, under 760 torr of oxygen at the usual kinetic rate law for
autoxidation (Ewing et al. 198%h). The underlying mechanism involves homolysis of the
peroxide bond to yield a biradical (Bailey, 1978, Ewing ef al., 1989a). This implies that
ozonides might be capable of initiating the chain autoxidation of other non-czonated
polyunsaturated acids in the membrane bilayer, and consequently of preducing a cascade
of damage.

Cellular defense systems: vitamin E, vitamin C and glutathione

Antioxidants play an important role to prevent and/or decrease ozone damage. Well
documented is the protection by the membrane-bound antioxidant vitamin E. Depletion of
dietary vitamin E increased the susceptibility of rat pulmonary tissue towards ozone
exposure, whereas rats and mice fed a vitamin E supplemented diet showed a decreased
sensitivity (Goldstein et al,, 1970, Roehm, et al., 1971; Donovan, et al., 1977; Menzel,
1979; Chow el al, 1981). Evidence for the involvement of vitamin C in the protection
against ozone is provided by studies demonstrating that supplementation of animais with
vitamin C offered protection against acute ozone injury (Matzen, 1957; Willis and Kratzing,
1974). The evidence for the involvement of the water-soluble antioxidant glutathione in the
pratection against ozone is indirect. First, it has been demonstrated that the glutathione
level of erythrocytes from mice (Goldstein, et al, 1968) and man (Buckley, ef al., 1975}
was reduced upon ozone exposure. In addition, a decrease in glutathione levels was
observed in cells exposed to ozone in vitro (Rietjens ef al., 1985). Second, ozone
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exposure enhances the activity of the enzymes of the glutathione peroxidase pathway in
lungs (Chow and Tappel, 1973; Chow et al., 1974, Boehme ef al., 1992).

It has been suggested that these antioxidants may play a role in the detoxicification of
lipid ozonation products such as ozonides (Rietjens ef af., 1987).

The mode of action in the protection against oxidative stress of each antioxidant is, in
brief, discussed.

Vitamin E

Vitamin E or c-tocopherol is well accepted as nature's most effective lipid-soluble,
chain-breaking antioxidant, protecting cell membranes from peroxidative damage (Burton
and Ingold, 1981; Horwitt, 1986). The antioxidant action of vitamin E is generally ascribed
to its ability to transfer a hydrogen free radical from the aromatic hydroxyl group of the
chroman head to convert lipid-peroxy! radicals or O, and "OH to less reactive forms. The
resulting chromanoxyl free radical is relatively stable and can donate a second hydrogen
atomn, scavenging a second radical. The reaction might give rise to the formation of a-
tocopherol quinone (Shimasaki and Privett, 1975), the formation of di- and trimers
(Csallany and Draper, 1963; Yamauchi et a/, 1988) of a-tocopherol or other oxidized
forms (Yamauchi et al., 1989, 1990).

In addition to the antioxidant role, vitamin E stabilizes membrane structures as it has
been demonstrated that insertion of vitamin E into lipid bilayers resulied in an increased
molecular packing of the lipid bilayer, resulting in lower membrane fluidity (Patel and
Edwards, 1988).

Vitarmin C

Vitamin C, a water-soluble antioxidant, is present in the extracellular and intracellular
spaces in most biological systems where it can participate in redox reactions (Heffner and
Repine, 1989). It has the potential to contribute to antioxidant activity through several
mechanisms. It can directly scavenge O, (Nishisikimi, 1975; Scarpa et al., 1983) and "‘OH
{Patel and Edwards, 1988). In addition, vitamin C can break the chain reaction of lipid
peroxidation by reacting with the lipid peroxyl radicals {Niki, ef al., 1984). However, due to
the hydrophilic character of vitamin C this reaction appears to be rather inefficient (Doba,
et al., 1985). The main contribution of vitamin C as a lipid peroxidation chain-breaking
agent is, therefore, considered to be its ability to regenerate membrane-bound oxidized
vitamin E (McCay, 1985, Slater, 1984).
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Besides its antioxidant properties, vitamin C has also been shown to be a prooxidant by
converting Fe® inte Fe®, which can subsequently react with hydrogen peroxide to form
hydroxyl radicals (Samuni et af., 1983; Halliwell ef al., 1987, Higson et al., 1989).

Glutathione

Glutathione is a water-soluble tripeptide (y-Glu-CysSH-Gly){GSH) and present in the
cytoplasm of cells. GSH is a substrate for the glutathione redox cycle, a central
mechanism for reduction of intracellular hydroperoxides (Figure 1.3).

The key enzyme in the redox cycle is glutathione peroxidase (GSHPx). In a biological
system the action of GSHPX on hydropercxide moieties in membrane phosphelipids is
depended upon the action of phospholipases (PLA;) which recognize peroxidized
membrane associated lipid chains and cleave them, resulting in their release into the
cytoplasm where they can be reduced by GSHPx (McCay et al., 1976; Grossman and
Wendel, 1983).

Nonstressed cells maintain a high cellular GSH/GSSG ratio to ensure the availability of
reduced GSH and thereby promote active reductions of hydroperoxides through the
glutathione cycle. This can either be achieved by release of GSSG out of the cell
{Srivastava and Beutler, 1981; Ekléw et a/,, 1981} or by the reduction of GSSG by GSH
reductase.

LOOH 2GSH NADP* glucose-6-P

N SN N

LOH / \ GSSG / \ NADPH+H+/ \ 6-P-glucanate

Fig. 1.3 Reduction of lipid peroxides (LOCH) by the glutathione peroxidase
pathway. GSHPx= glutathione peroxidase, GR = glutathione reductase, G6PDH
= glucose-6-phosphate dehydrogenase

Furthermore, GSH is involved in the formation of so-called “mixed-disulfides”, a reaction
that can be catalysed by GSH transferases. Important thiol groups of structural and/or
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functional proteins are thus protected from irreversible oxidation (Delucia et af, 1972,
1975).

Finaily, similarly to vitamin C, free GSH can function as a water-soluble antioxidant
unrelated to its role in the GSH redox cycle by interacting directly with free radical
intermediates (Forni and Williams, 1983).

Aim of the study

From the preceding discussion it is clear that lipid ozonation products are likely
mediators in ozone toxicity. Along with aldehydes and hydroxyhydroperoxides, Criegee
ozonides are the main products of the reaction of pzone with PUFAs. The research
described in this thesis has focussed on the Criegee ozonides.

The main objective was to further investigate the toxicity of ozonides in reiation to
ozone-induced lung toxicity. For this purpose we used a model ozonide, namely the methyl
linoleate-9,10-0zonide (MLQO). The investigations consisted of twa parts: (1) studies on the
mechanism(s) underlying the cytotoxicity of ozonides and (2) the in vivo toxicity of
ozonides in rats.

Chapter 2 describes the synthesis and the identification of the 9,10-methyl lincleate
ozonide. Chapter 3 deals with an in vitro study in which the toxicity of MLO was compared
with the toxic action of a model peroxidative agent, cumene hydroperoxide. The
cytotoxicity of both compounds was examined by measuring the effects on the
phagocytosing capacity of rat alveolar macrophages. In order to get more detailed
information about possible differences in mechanism, the effects were studied in relation to
the protection provided by the antioxidants vitamin C, a-tocopherol (vitamin E) and
glutathione. In addition, the mechanism of detoxification of MLC by the antioxidants o-
tocopheral and glutathione were studied in more detail (Chapter 4 and 5, respectively).
The aim of the second part of the investigation was to examine whether the similarity
between ozonides and ozone foxicity as well as detoxification characteristics found in vitro
could be confirmed /n vivo (Chapter 6). Chapters 7 and 8 give a summary of the results
together with final concluding remarks.
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CHAPTER 2

SYNTHESIS OF THE
trans-9,10-OZONIDE OF METHYL LINOLEATE:
ITS IDENTIFICATION AND in vitro TOXICITY

Summary

Qzone is known to react with double bonds in unsaturated fatty acids leading to the
formation of sc-called Criegee ozonides. In order to investigate the toxicity of fatty acid
ozonides, ozonide model compounds have to be chemically synthesised and
characterised. In the present study the ozonation of methyl lincleate is reported, including
the identification of the products formed. The ozonide was synthesised by passing a
nitrogen/ozone gas stream through a solution of methyl lincleate in pentane (0°C). The
ozonide fracticns were isolated and further purified by high-performance liquid
chromatography (HPLC). Further identification by 'H and '*C NMR of the 2 main products
obtained, revealed that the major products formed upon ozonation of methyl lincleate,
were mono-ozonides. On the basis of the decomposition products detected by GC-MS,
namely nonanoic acid 9-oxo methyl ester and nonanedioic acid monomethyl ester, the
ozonides could be identified as the frans and cis 9,10-methyl linoleate ozonide. The frafns
9,10-methyl linoleate ozonide was shown to be toxic towards alveolar macrophages. At
concentrations of 86 UM complete loss of cell viability was observed. The toxicity of the
trans isomer was shown to be similar to the toxicity obtained in previous studies with a
mixture of the ¢is and frans isomer.

This chapter is described in:

Rixta A. Hempenius, Marelle G. Boersma, Gerrit M. Alink, Nanny Gortzak, Kees Teunis, Ben J M.
Jansen, Jan H. Koeman, Jacques Vervoort and Ivonne M.C.M. Rietjens. Synthesis of the trans-
9.10-0zonide of methyl linoleate: its identification, in vitro toxicity and detoxication by a-tocopherol.
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Chapter 2

introduction

The toxicity of ozone is well documented and has been related to its strong oxidative
potential (Menzel, 1984). Oxidation of cellular macromolecules including amino acids
andfor unsaturated fatty acids has been reported to affect the functionality of proteins and
the permeability of the cell membrane, and, as a result cell viability (Pryor ef al., 1984,
Mudd et al., 1969; Pryor and Uppo, 1993; Roehm et a/,, 1971; Balchum et al., 1971; Pryor,
el al.,, 1991; Giamalva ef al., 1985; Pryor, et al., 1996, Mudd and Freeman, 1977, Mustafa,
1990). The reaction of czone with unsaturated fatty acids has been found to result in the
formation of so-called Criegee ozonides (3), formed by the mechanism depicted in Figure
2.1

O/O\O y o—0
\C-:C/ + 03 —m % C/ — - \c:oLo' 0—C . \C/ \:/
/ N —L—C— Ve ~ TN T
7N
1 2 3

Fig. 2.1 Criegee mechanism: Addition of O; to the double bend results in the formation of a 1,2, 3-tri-
oxolane, 1, which undergoes rapid scission to give a carbonyl oxide, 2, and a carbonyl compound. In
the absence of a protic solvent, 2 reacts rapidly with a carbonyl compound to yield a 1,2 4-tri-
oxolane, 3, commonly called the Criegee ozonide (Criegee, 1957, 1975).

Several experimental lines of evidence point to a significant role for these ozonides in
ozone-induced toxicity. For example, similar pathological findings upon ozone or ozonide
exposure have been reported, such as the formation of Heinz bodies in ozone or ozonide
exposed erythrocytes (Menzel et al., 1975). Furthermore, in vivo exposure of experimental
animals to ozonides results in specific lung damage resembling the ozone induced
damage (Cortesi and Privett, 1972, Hempenius, et al, 1993). Finally, comparison of the
cellular toxic effects of czone to those induced upon exposure to equitoxic amounts of the
radical type oxidant nitrogen dioxide, has led to the conclusion that ozone-mediated
toxicity is not comparable to toxicity induced by a radical type oxidative gaseous
compound like nitrogen dioxide (Rietjens et al., 1986). Based on all these observations it is
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generally assumed that at least part of the toxicity of ozone is mediated through formation
of toxic ozonide intermediates.

In order to investigate the toxicity of fatty acid ozonides, ozonide model compounds
have to be chemically synthesised and characterised. Of particular interest are ozonides
formed from polyunsaturated fatty acids, in which the presence of several double bonds
generates possibilities for the formation of ozonides at more than one site in the molecule.
Moreover, previous studies with ozonation of the monounsaturated fatty acid of methyl
oleate have demonstrated the possible formation of as many as 6 different ozonides.
These included cis- and frans-isomers of the three possible ozonides formed from the
different recombinations of both side chains, eliminated upon the scission of the primary
ozonide, leading to normal and cross ozonides (Wu ef al., 1992). In previous studies the
toxicity of methyl linoleate ozonide was investigated without taking into account these
different cisf/trans and cross isomers (Hempenius et al., 1992, 1993).

The objective of the present study was to isolate and characterise the ozonide formed
from methyl linoleate and to investigate its toxicity.

Materials and Methods

Synthesis of methyl linoleate-9, 10-ozonide (MLO)

QOzonation of methyl linoleate was performed as described by Rietjens et al. (1987). In
short, one gram of methyl linoleate was dissolved in ca. 20 mi pentane, flushed with
nitrogen and placed on an ice bath. Liquid ozone (blue) was prepared by passing an
oxygenfozone stream, generated using an ozone generator (Fisher, model 501,
Mechenheim, F.R.G.) through a 50 cm glass tube (&3 = 1 cm) filled with silicagel 60 (18-35
mesh){Macherey Nagei & Co. Duren, F.R.G.} and cooled in a solid CO,-acetone bath (-
80°C). When all silicagel had a blue appearance caused by absorbed liquid ozone, the gas
flow was switched to deliver pure nitrogen (< 2 bubbles/sec) for 10 min in order to sweep
out the residual oxygen. Following this, the nitrogenfczone gas stream was passed
through the methyl linoleate solution, which was kept at 0°C. The oxidation reaction was
followed using TLC (silicagel plates eluted with 5% ether in petroleum ether) and ozonation
was continued until all methyt linoleate had disappeared. TLC plates were viewed by
spraying them with an acidic anisaldhyde solution. Upon termination of the reaction the
sclvent of the mixture was removed using a rotary evaporator under vacuum at room
temperature. The ozonides formed were isolated and purified, using a Silica gel 60 (230-
400 mesh) column, eluted with 5% (v/v) ether in petroleum ether.
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HPLC analysis of the synthesised ozonides

Reaction product analysis by analytical HPLC was performed essentially as described
by Wu ef al. (1992), using an Alltima C18 column (4.6 x 150 mm) eluted isocratically with
93% methanol in water, at a flow rate of 1 mi/min. Detection was performed between 200
and 450 nm using a Waters 996 photodiode array detector. The chromatograms presented
are based on detection at 250 nm.

Isolaticn of the synthesised ozenides was done by collecting the peaks and evaporation
of the methanol followed by an additional freeze drying step before further analysis by 'H
and "°C NMR.

NMR measurements

'H and '*C NMR spectra were measured on a Bruker Avance 400 spectrometer in 5
mm NMR Wilmad 535PP NMR tubes. The compeounds were dissolved in CDCl; and the
spectra were measured at 25°C. The '*C NMR spectra were obtained with a 30 degree
pulse angle, 'H decoupling using a Waltz 16 pulse sequence and 3.0 second repetition
time, '®C spectra were typically taken overnight. The 'H NMR spectra were obtained with a
70 degree pulse angle and a 3.4 second repetition time.

GC-MS measurements

GC-MS& measurements were performed on a Hewlett Packard (HP) 6850 gas
chromatograph coupled with an HP5973 mass spectrometric detector (MSD). The gas
chromatograph was equipped with a Chrompack (CP) wall-coated-open-tubular (WCOT)
silica capillary column; length 25m, internal diameter 0.25 mm and coated with CP-WAX
(FFAP) - CB coating, with a film-thickness of 0.2 ym (DF =0.2). Elution was performed
using a temperature programme with a start temperature of 75°C and end temperature of
240°C. The ramp was 10°C / minute and the time interval was 18 minutes. The relevant
spectra obtained were matched against examples from the NIST98 library.

Cell culture

Alveolar macrophages were isolated from the lungs of female Wistar rats (+ 200 g) as
described by Mason et al. (1977), by the tavage of isolated perfused lungs. The average
yield was 4 to 5 x 10° alveolar macrophages per lung. Approximately 0.5 x 10° cells were
plated onto a culture dish (Greiner, Alphen a/d Rijn, The Netherlands) and cultured in
Ham's Fi; medium (Flow, Irvine, Scotland) containing NaHCO, (1.2 g/l), 10% new-born
calf serum {NCS) (Gibco, Glasgow, Scotland), penicilin (50 LU} and streptomycin (50
mg/l) (both from Gist Brocades, Delft, The Netherlands) at 37°C in a humid atmosphere
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containing 5% CO,in air. Cells were cultured for 3 days in order to enable them to attach
to and to stretch on the culture dish before exposure.

Determination of celiular toxicity

Dilutions of methyl linoleate ozonide (MLO) were made from a stock solution (1 pl/ml) in
Ham's Fy; medium without serum (final concentrations ranging from 2.6 to 86 pM). Cells
were exposed for 2.5 h at 37°C in Ham's Fqo medium.

After exposure the cells were rinsed twice with Ham’s Fip medium with serum to remove
the ozonide. Cell survival was determined by scoring the phagocytosing capacity of the
cells.

Phagocytosis assay

Cells were incubated for 1.5 h at 37°C in the presence of approximately 107 dead yeast
cells, coloured by boiling them for 30 min in a congo red (Fluka, Buchs, Switzerland)
solution. Subsequently, phagocytosis was determined by counting four times 100 cells per
dish. The percentage of phagocytosis was calculated by the number of cells that had taken
up red yeast cells divided by the total number of cells counted. Contrcl cells had a
phagocytosing activity of 92.6 %.

Results

Synthesis and identification of the major ozonide formed from methyl linofeate ozonide

Figure 2.2 shows the ozonation of methyl linoleate in pentane over a period of time as
analysed by TLC. The TLC plates show a time dependent decrease in methy! lincleate
accompanied by the formation of a series of more polar products. Based on previcus
experiments the methyl linoleate ozonides can be expected in the area with Ry 0.46-0.50,
The final reaction mixture was purified on a Silicagel 60 column leading to two major
ozonide containing fractions, which were further analysed and purified using HPLC. Figure
2.3a and b show the HPLC chromatograms of these two major fractions. Based on these
results it is concluded that the peak labelled 1 represents the major product whereas in
addition several minor products (2-6) are detected. Two of these products {compound 1
and 2, Fig. 2.3c and d) could be purified in quantities that allowed their further analysis by
'H NMR and C NMR.
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Fig. 2.2 Thin-layer chromategrams of the ozonation of methyl linoleate as a function of time. The
plates were eluted with 5% ether in petroleum ether and viewed by spraying them with an acidic
anisaldehyde solution.
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Fig. 2.3 Reversed-phase HPLC chromatograms of the reaction products isolated from the
ozonation mixture of methyl linoleate. Representing a) the chromatogram of fraction I, b) the
chromatogram of fraction I, c) and d} the chromatograms of the purified compounds 1 and 2
respectively.
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Table 2.1 summarises the 'H NMR and "®C NMR results. These data identify the
products as monoc-ozonides from methyl lincleate, since the NMR spectra show the
presence of one carbon-carbon double bond. |dentification of the ozonides by GC-MS
revealed that the 9,10 double bond in the methyl linoleate is ozonated. This conclusion
follows from the fact that the main decomposition products detected by GC-MS were
nonanoic acid 9-oxo methyl ester {l) and nonanedioic acid menomethyl ester (I1) (Fig. 2.4).
For matching the structures the NIST98 library was used. The match quality of the
structures found in this way was 90 for nonanoic acid 9-oxo methyl ester and 80 for
nonanedioic acid monomethyl ester.

Table 2.1

'H and "C data for compounds 1 and 2 {Figure 2.3¢ and d). The chemical shift values of the NMR
resonances are presented in ppm (parts per million of the magnetic field), and are presented
relative to CHCly at 7.24 ppm ( 'H NMR] and to *C-CHC; at 77.4 ppm ("*C NMR).

Compound 1 Compeund 2
Proton NMR
Qzonide ring 5.15 (1H) 5.19 (1H})
5.13 {(1H) 5.15 (1H}
[mean: 5.14) [mean: 5,171
Ester methyl 3.64 (3H) 3.64 (3H)
Terminal methyi 0.86 (3H) 0.87 (3H}
C double band 5.55 (1H) 5.55 (1H)
5.26 (1H) 5.35(1H)
Carbon NMR
Ozonide ring 104.8 104.8
104.0 ' 104.0
Ester carbonyl 1747 174.7
Ester methyl 519 51.9
Terminal methyl 14.4 14.3
Carbon double bond 121.2 121.7
1347 134.6
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Fig. 2.4 GC-MS chromatogram of methyl linoleate ozeonide {a) and the degradation pathway of 9,10
methyl linoleate ozonide (b). Only 2 of the 4 degradation products, which are to be expected as a
result of the decomposition of the ozonide, were cbserved. These are nonangic 9-oxo methy! ester
{1} and nonanedioic acid monomethyl ester (Il).
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Furthermore, the results now obtained allow the assignment of the ¢is and frans isomer
of the 9,10-methyl lincleate ozonide. Because the cis iscmer has a larger dipole moment,
the peak with shorter retention time in reverse-phase HPLC can be assigned to the cis
isomer and the peak with the longer retention time to the trans (Fig. 2.3) (Criegee ef al,,
1960, Criegee and Korber, 1971; Wu et al., 1992). This assignment is corroborated by the
'H NMR data, since it is known that the "H NMR resonance signal of the ring proten of the
cis isomer occurs at a lower field than that of the trans isomer (Kolsaker, 1965, Wu et af.,
1992)(Table 2.1). Thus, the major product formed and isolated upon ozonisation of methy|
linoleate {compound 1} can be identified as the trans-9,10-0zanide of methyl linoleate.

Toxicity of trans-9, 10-methyl finoleate ozonide

Figure 2.5 presents the cellular toxicity of frans-8,10-methyl linoleate ozeonide (MLO)
towards alveolar macrophages and the cellular toxicity of the mixture of the cis and trans
isomer obtained in a previous study (Hempenius ef al., 1992). It is interesting to note that
the toxicity of the frans isomer is similar to that of the mixture.
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Fig. 2.5 Concentration dependent texicity {concentration ranging from 2.6 to 86 pM) of trans-8,10-
methyt linoleate ozonide (-0-) and of the mixture cf the fransicis isomer from 9,10-methyl linoleate
ozonide (-e-)(data are taken from Hempenius et al., 1992).
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Discussion

The reaction of ozone with double bonds in alkenes has been studied extensively. The
principle reaction pathway for the ozonation of {poly)unsaturated fatty acids is via the so-
called Criegee mechanism (Fig. 2.1)(Criegee, 1957, 1975, Bailey, 1978). In the absence of
water fatty acid ozonides are the main products formed (Roehm et al., 1971; Bailey, 1978,
Lay ef af., 1990). Previously the cis and frans isomers of the norma! and cross ozonides of
methyl oleate upon czonation in dry pentane have been characterised {(Wu et al., 1992}).
Here we report the ozonation of methyl linoleate in pentane and the characterisation of the
major products formed.

TLC observations made it possible to follow the formation of more polar products upon
ozonation of methyl linoleate. After further separation and identification of the reaction
products it appears that the major products formed in the reaction of ozone with methyl
linoleate can be identified as the cis and frans isomer of methyl linoleate-9,10-0zonide
(MLO). This is based on 'H and "*C NMR and GC-MS analysis.

The trans-9,10-methyl linoleate ozonide showed to be toxic towards alveolar
macrophages in a dose-dependent way. Since previcus studies, (Hempenius et al.,
1892,1993) did not discriminate between the cis and trans it is of interest to note that the
toxicity data obtained in the present study with the frans isomer is similar to that obtained
previously with the cis/trans mixture,

In summary, ozonation of methyl lincleate in pentane results in the formation of the
trans isomer of the 9,10-methyl linoleate ozenide as the major product. This oczonide might
serve as a useful model to investigate the toxicity mechanism of ozonides in relation to
ozone-induced toxicity.
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CHAPTER 3

COMPARATIVE STUDY ON THE TOXICITY OF METHYL
LINOLEATE-S,10-OZONIiDE AND CUMENE
HYDROPEROXIDE TO ALVEOLAR MACROPHAGES

Summary

In the present study the in vitro toxicity of methyl linoleate-8,10-ozonide (MLO) and
cumene hydroperoxide (CumQOH), a model peroxidative agent, are compared. This was
carried out using the inhibition of alveolar macrophage phagocytosis as an assessment of
the in vitro toxicity. Both agents, MLO and CumOOH cause a dose-dependent decrease in
the phagocytosing activity of alveclar macrophages isolated from rat lungs. MLO was
found to be three times more toxic than CumQOOH. Supplementation of macrophages with
vitarmnin C resulted in a decrease of their sensitivity towards MLO and an increase of their
sensitivity towards CumOOCH, suggesting that different mechanisms underlie the toxic
effects of the compounds concemed., This was supported by the data on glutathione
(GSH) and vitamin E depletion. In both cases, depletion of the antioxidant was more
extensive on exposure to CumOQH. In addition, following GSH depletion, the sensitivity of
the macrophages towards CumQOH was more increased than towards MLO. Further,
MLO was not able to enhance the peroxide formation from methyl linoleate (ML), whereas
CumQOCH initiated the peroxide formation of ML. The results of ESR spin trap experiments
further supported the helief that MLO-induced toxicity is independent of lipid peroxidation.
From all of the aforementioned statements it is concluded that both mechanisms known to
be of importance for peroxide-induced cell toxicity, i.e., depletion of celiular GSH levels
and lipid peroxidation are not the main processes causing MLO toxicity in vitro.
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