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CHAPTER 1

GENERAL INTRODUCTION

1.1, Historical backgrounds

According to an old review by Andrews (1874) ozone was discovered in
the last century by Schinbein and described for the first time in
1840. The toxic action of ozone was already observed in the nine-
teenth century by Redfern and by Dewar and McKendrick who demonstrated
ozone to be lethal to experimental animals (Andrews, 1874).

In the years before 1920 early investigators demonstrated the lung and
respiratory tract to be the primary target of ozone (Schulz, 1892;
Hill and Flack, 1912; Jordan and Carlson, 1913).

Attention to the problem of ozone and nitrogen dioxide toxicity
especially increased when ozone was shown to be a key component of
photochemical smog, arising from the reactions between hydrocarbons,
sunlight (UV) and nirrogen dioxide, and also when ozone was found to
be present in airoplane cabing at high altitudes and to arise from
several industrial processes such as inert-gas shielded arc welding,
air and water purification using ozonizing equipment, and high voltage
electric processes (Stokinger, 1965).

Effects of ozone on man exposed under experimental or occupational
conditions, were reported first in the nineteen fifties and included
dryness of mouth and throat, respiratory tract irritation, continuous
headache, shortness of breath and pulmonary congestion (Wilska, 1951;
Truche, 1951; Kleinfeld and Giel, 1956). Because the toxicity of
nitrous fumes was also well recognized at this time, the question
arose whether the toxic responses observed in these studies could
arise from oxides of nitrogen as well (Kleinfeld and Glel, 1956; Feryy
and Ginther, 1952).

During the late fifties and early sixties experiments with human

volunteers, exposed under controlled conditioms, revealed information




on the effects of ozone on several pulmonary functional parameters
such as vital capacity, 0.75-sec forced expiratory volume and maximal
midexpiratory flow rate (Griswold et al., 1957; Young et al., 1964).
In the same period effects of ozone on a number of species of experi-
mental animals were also studied in more detail. Histological, physio-
logical and biochemical changes in experimental animal lung upon acute
and chronic exposure were reported, as well as many factors in-
fluencing ozone toxicity to experimental animals. These studles are
reviewed by Stokinger (1965).

Two aspects of ozone toxileity, i1.e. acute toxic pulmonary edema and
the phenomenon of tolerance development, directed the attention of
investigators to the molecular mechanisms by which ozone caused these
toxic effects.

Ozone and nitrogen dioxide appeared to oxidize a range of model com-—
pounds {(unsaturated hydrocarbons, unsaturated fatty acids, amino
acids, sulfhydry! compounds and proteins) when these were exposed
under a-biotic conditions. (Mudd et al., 1969; Roehm et al., 1971a;
Roehm et al., 1971b; Ramazzotto et al., 1971; Felmeister et al., 1970;
Stedman et al., 1973; Pryor et al., 1976; Srisankar and Patterson,
1979).

At present such In wvitro studies in which cell components or model
compounds are exposed, still form an important basis for the study of
the molecular reactions of ozone and nitrogen dioxide, and provide
information on different possibilities for their mode of toxic action
(Pryor and Lightsey, 198l; Pryor et al., 1982).

However, up to now, no conclusive evidence on the mechanism of toxic
action in an intact cell system is available. Some laboratories have
reported increased amounts of products of lipid peroxidation in the
lungs of exposed animals (Thomas et al., 1968; Goldstein et al., 1969;
Sagai et al., 1982) although other laboratories have been unable to
confirm these results (Mustafa and Tierney, 1978). Contradictory
results were also reported for the measurement of other products of

lipid peroxidation (ethane and pentane) in the breath of exposed




animals (Dumelin et al., 1978a; Dumelin et al., 1978b; Dillard et al.,
1980; Tappel and Dillard, 1981; Sagai et al., 1981; Sagai et al,,

1982). The only unequivocal evidence for the involvement of an oxida-

tive reaction pathway in the toxic action of ozone or nitrogen dioxide
is of an indirect nature, as it is provided by the protection of
exposed animals by antioxidant compounds such as vitamin E and C
{Matzen, 1957; Fletcher and Tappel, 1973; Donovan et al., 1977; Chow
et al., 1979; Kratzing and Willis, 1980; Chow et al., 1981).

The development of 1) techniques for cell culture and isolation of
primary lung cell cultures, and of ii) model systems for the exposure
of cells in vitro to oxidative gaseous compounds, during the last tweo
decades, offers a new approach for studying the mechanisms of toxic
action of oxidant gases In intact cell systems. An advantage of the
cell model is that more or less homogeneous cell populations can he
studied, although it is recognized that effects found in isolated cell
cultures always need in vivo validation.

The experiments described in this thesis were carried out with primary
cultures of lung cells isolated from rats as well as cell lines origi-
nating from human lung tissue (AS49), and a model system for in vitro
exposure of cell cultures to gaseous compounds which was developed at
our lahoratory (Alink et al., 1979). Exposure of both control or
biochemically modified cell cultures offered the possibility for
studying both the mode of action of the compounds concerned as well as
possible mechanisms of cellular defense, in an intact cell model

instead of in an a-biological chemical model system.

1.2. Physical and chemical constants

Table 1 summarizes the main physical and chemical properties of ozone
and nitrogen dioxide.

It is noteworthy to recognize that ozone has a biradical or ionair
nature, whereas nitrogen dioxide is a free radical. These characteris-—

tics may be of importance with regard to the reactions with cell

components.



TABIE 1. PHYSICAL AND CHEMICAL CHARACTERISTICS OF QZONE (03) AND NITROGEN
DIOXIDE (NOZ)‘ (Merck Index, 1976; Handbook of Chem. Phys., 1980).

Parameter 0q N02
* molecular struct: o iy ] ]

molecular structute 3 -—

e & Ny R S A
N . e
VRN
(IR N
* molecular weight H 58 46
* boiling point (1 atm) : - 111.9 % 21.15 ¢
* melting point (1 atm) : - 192.7 % - 9.3 %
* density gas (1 atm) : 2.144 g/1 (0°%C) 3.3 g1 ¢21.3 %0)
* density liquid (1 atm): 1.614 g/ml (-195.49C)  1.448 g/ml (20 °C, 4 am)
* critical temperature - 121 % 158.2 %%
* critical pressure H 53.8 atm 99.96 atm
* .converaion factors:
1 ppm : 2000 u g/m3 1880 u g/m3

1 mg/m: 0.500 ppm 0.532 ppm

1.3. Natural and man made sources

natural background levels

Natural background levels of ozone in the lower atmosphere (10-80
pg/md = 0.005-0.04 ppm) (Fabian and Pruchniewicz, 1973) arise from
atmospheric circulation, transporting ozone formed in the stratosphere
by photolysis of molecular oxygen, to the lower atmosphere, from
photochemical oxidation of natural hydrocarbons, including terpenes




from trees and other vegetation, and it is formed in the atmosphere by
lightning, originating from oxygen. (WHO, 1979).
Natural background levels of nitrogen dioxide (0.4-9.4 1 g/m3 = 0.0002~
0.005 ppm) (WHO, 1977) mainly come from lightning, vulcanic eruptions
and bacterial processes in the soll (WHO, 1977).

Outdoor concentrations

Various man-made sources cause the ozone and nitrogen dioxide concen-
trations to rise above natural background levels. Nitric oxide (NO),
emitted after combustion of fossil fuels (e.g. traffic, iIndustrial
processes), is the major source of nitrogen dioxide, as it is readily
oxidized to nitrogen dioxide in the atmosphere (WHO, 1977).

The main ozone producing process In the lower atmosphere, identified
sofar, is depicted in Figure 1. The overall principal is that solar

radiation interacts with nitrogen dioxide to produce ozone and nitric

R

NO; + hv(x-430nm) — " o NDsO 1

0 v 0 +M LS B 2
+
ND, ¢+ 0, — NO + 0y 142
k3
NO -+ O NG,* 0, 3

Figure 1: Interrelationship between atmospheric concentrations of nitric oxide
(N0}, nitrogen dioxide (NO,) and ozome (03).
hv: represents solar radiation.
M :an energy tich molecule, usually 0, or N, necessary for the
reaction to take place.
(Becker and Schurath, 1975).




oxide. The nitric oxide can In tumn react with ozone to give oxygen
and nitrogen dioxide again (Becker and Schurath, 1975; WHO, 1979). At
equilibrium, this series of chemical reactions results in an ozone
concentration in the lower atmosphere that is determined by the
following equation:

05 = NG

ky*[ NO)

with k; dependent on light inteunsity. From this equation it can be
derived that at night-time continuous nitric oxide emissions will
cause a rapid reduction of the ozone concentration, due to reaction 3
(Figure 1), whereas during day-light reaction 1 will cause the equili-
brium to shift In favor of ozone production.
Several weasurements of diurnal concentrations of ozone amd nitrogen
dioxide have confirmed the above mentioned model (Derwent and Stewart,
1973; Becker and Schurath, 1975).
In addition to these processes the presence of organic hydrocarbon
compounds in the polluted atmosphere may give rise to a great mmber
of reactions ultimately resulting in an increase in the concentration
of ozone (Becker and Schurath, 1975).

Due to all these processes ozone concentrations in the lower atmos-
phere may rise to maximum one-hour values amounting to 200-800 p g/m3
(0.10-0.40 ppm) (WHO, 1979). In Los Angeles a one-hour value of even
0.96 ppm 03 (1920 1g O/m>) has been reported (Goldstein, 1977).
Nitrogen dioxide concentrations may rise to maximum one-hour values as
high as 100-800 ug/m3 (0.05-0.43 ppm) and to maximum 24-hour mean
values of 100-400 ug/m3 (0.05-0.22 ppm).

Table 2 gives an example of the total emissions of oxides of nitrogen

ard hydrocarbons, which are responsible for the formation of ozone.




TABIE 2. TMISSTONS OF OXIDES OF NITROGEW (No,) AND HYDROCARBONS 1IN THE
NETHERLANDS, FROM DIFFERENT SOURCES (in million kg/year) (C.B.S. 1988).

NO, hydrocarbons
source 1980 1982 1980 1982
* process emissions (all 30 29 206 187
industrial processes except
combuation of fossil fuels)
* combustion of fossil fuels 194 187 28 25
{industries and housekeepings)
* traffic 300 300 215 190
* athars - - 90 90

Indoor concentrations

For ozone, indoor levels tend to be lower than those outside, but the
use of for example ultraviolet lamps, photocopying machines or certain
industrial technological processes such as hydrogen peroxide produc-—
tion or inert—-gas-shielded arc welding, occasionally give rise to
increased indoor exposure (Kleinfeld and Giel,1956; Stokinger, 1965}.
In addition, relative high concentrations of ozone can be detected in
airoplanes (Stokinger, 1965; Lategola et al., 1980).

Generally the maximm indoor ozone concentrations reached in all these
situations are in the same order of magnitude as the concentrations
found outdoors, i.e. 200-2000 pg/m?’ (0.1-1.0 ppm) (WHO, 1979).

As caupared to ozone, the exposure of people to nitrogen dioxide by
sources other than the outdoor enviromment, is usually underestimated.
Nitrogen dioxide formation by gas—-fired domestic appliances may glve
rise to concentrations up to 2000 pg/m3 (1.1 ppm) (WHO, 1977), and
tobacco smoke was reported to contain nitrogen dioxide levels of 19-95
mg/m> (10-50 ppm) (WHO, 1977).




Obviously these indoor sources can contribute substantially to the

daily nitrogen dioxide exposure of people.

l.4. Toxlc effects of ozome and nitrogen dioxide

Animal data

Excellent reviews concerning the toxic effects of ozone and nitrogen
dioxide on experimental animals are available in the literature (WHO,
1977; Mustafa and Tierney, 1978; WHO, 1979; Menzel, 1984; Morrow,
1984). Therefore only a brief review will be presented in this thesis.
In general, both gases are known to cause comparable toxic effects on
morphological, cytodynamical, functional and biochemfcal lung para-
meters. Examples of the main effects of ozone and nitrogen dioxide on
experimental animals are given in Table 3.

The proliferation of type II alveolar pneumocytes and of bronchiolar
non-ciliated Clara cells reported for both ozone and nitrogen dioxide
exposed animal lungs (Table 3), 1{s generally believed to occur after
damage to the more sensitive alveclar type I pneumocytes and ciliated
bronchiolar epithelial cells, respectively (Evans, 1984).

TABIE 3. MAIN EFFECTS OF QZONE AND NITROGEN DIOXIDE EXPOSURE ON EXPERTMENTAL
ANIMALS.

Effects Exposure conditions References

MORPHOLOGICAL CHANGES

* degeneration and destruction * 0.5-3 ppm Og * Plopper et al. 1973

of type I alveolar pneumocytes several heours Stephens et al. 1974
* 2-18 ppm NO,y * Evans et at. 1972

several days Stephens et al. 1972

Evans et al. 1978




* Joss of ciliated epithelium
from the upper airway

* ocedematous changes of

alveolar epithelial cells

LUNG CYTODYNAMICS

* proliferation of type 1

alveolar pneumocytes

* proliferation of bronchio-

lar nonciliated Clara cells

* increase in the number of

alveolar macrophages

0.2-0.8 ppm 0y
several days
or
0.3-3 ppm 04
several hours

2-30 ppm N0,

several days

1-12 ppm Oq
several hours
10-100 ppm NO,

several hours

0.2-0.8 ppm 0y
several days
12-18 ppm N0,
several days

0.2-0.8 ppm 0y
several days

15-17 ppm NO,
24 hours

0.1~0.8 ppm 04

several days

12-18 ppm NO,
several days

Plopper et al. 1973
Bils 1974

Boatman et al. 1974
Evans et al. 1976
Schwartz et al. 1976
Tbrahim et al. 1980
Stephens et al. 1972
Bils 1974

Evans et al. 1976

Alpert and Lewis 1971
Plopper et al. 1973
Hine et al. 1970
Stephens et al. 1972
WHO, 1977

Schwartz et al. 1976
Eustis et al. 1981
Stephens et al. 1972
Evans et al. 1972
Evans et al. 1978

Schwartz et al. 1976
Evans et al. 1976
Ibrahim et at. 1980
Evans et al. 1976

Schwartz et al. 1976
Zitnik et al. 1978
Chow et al. 19381
Eustis et al. 1981
Evans et al. 1972
Stephens et al. 1972
Evans et al. 1978




FUNCTTIONAL PARAMETERS

* impairment of the function

of alveolar macrophages

* increased susceptibility
to inhaled infectious

agents

* increased flow resistance

* increased respiratory
frequency and decreased

tidal volume

BIOCHEMICAL PARAMETERS

* increase in the activity of
lung antioxidant enzymes
(glutathione peroxidase,
glutathione reductase,
glucase~—6~-P dehydro—

genase)

* decrease in lung content

of reduced glutathione

CHRONIC EFFECTS

* lung fibrosis

*

0.2-9 ppm 0y
several hours
2.3-15 ppm HO,p

geveral hours

3-10 ppm 04

several hours

2.3-15 ppm NO,

several hours

0.3-0.5 ppm 04

several hours

0.3-1.4 ppm 05
several hours
5.2-13 ppm NO,

several hours

0.1-1 ppm 04

several days

2.3-10 ppm NO,

several days

2-4 ppm 0y
several hours
0.8 ppm NOZ
several days

0.5-3 ppm 0q
several weeks or

months

10

Coffin et al. 1968
Goldstein et al. 1971
Goldstein et al. 1973

Purvis et al. 1961
Coffin et al. 1968
Goldstein et al. 1971
Goldstein et al. 1973

Watanabe et al. 1973

Murphy et al. 1964

Murphy et al. 1964

Chow and Tappel 1973
Chow et al. 1974
Chow et al. 1951
Chow et al. 1974
Sagai et al. 1981
Sagai et al. 1982

DeLucia et al. 1972
Delucia et al. 1975
Naka jima and
Kusumoto 1968

Freeman et al. 1973
Last et al. 1979
Hesterberg and Last
1981




* lung emphysema

EXTRA PULMONARY EFFECTS

* effects on blood
— Heinz body formatien in
red bleod cells

- increased fragility
of red blood cells

- aminotransferase activity

increased

~ red blood cell acetyl-
cholinesterase activity

reduced

* effects on liver
— increased ascorhic acid

levels

— decreased aminotransferase

activicy

* effects on reproduction
— increased neonatal

mortality

*

*

0.4-0.9 ppm O

several weeks or

several months

0.5-15 ppm N0,

several months

0.85 ppn Oy
4 hours

4 hours

1 ppm NG,

several months

8 ppm 05
4 hours

0.2-0.4 ppm 03
several hours
0.3-4 ppm NO,

several hours

1 ppm N02

several months

3 weeks

* P'an et al. 1972

Freeman et al. 1974

% Blair 1969

Freeman et al., 1974

* Menzel et al. 1975

% GColdstein et al. 1968

* Kosmider and

Misiewicz 1973

* Goldstein 1968

* Veninga and Lemstra
1975

* Yeninga and Lemstra
1975

* Kosmider and

Misiewicz 1973

* Brinkman et al. 1964

11




Effects on man

The effects of ozone and nitrogen dioxide on man described in the
literature are mainly based on studies with human volunteers exposged
under controlled conditions. Table 4 summarizes examples of the main
effects reported.

Epidemiological studies of exposed populations are only scarcely
available and always encounter the problem of whether the observed
health effects can be really attributed to ozone or nitrogen dioxide
or have to be ascribed to other components in the polluted atmosphere.
This, because photochemical smog is known to conslst of peroxy acyl-
nitrates (PAN), other nltrate compounds, sulfates and reducing agents

such as sulfur dioxide as well.

TABIE 4. EFFECIS OF OZONE AND NITROGEN DIOXIDE ON HUMAN VOLUNTEERS
EXPOSED UNDER CONTROLLED CONDITTONS.

Effects Exposure conditions References

SENSORY EFFECTS

* pdour perception * 0.008-0.05 ppm O * Henschler et al. 1960
WHO 1979

* 0.12-0.42 ppm NO, * Henschler et al. 1960
WHO 1977

* respiratory tract Irritation, * 0.35-0.75 ppm O * Kerr et al. 1975
dry cough, chest discanfort several hours Silverman et al. 1976

EFFECTS ON RESPIRATORY FUNCTION

* changes in pulmonary function * 0.35-0.73 ppm 05  * Kerr et al. 1975

{increase In airway resistance, several hours Silvermman et al. 1976
reduction in forced Golden et al. 1978
respiratory volume} Hackney et al. 1978
* 5~30 ppm NO, * yon Nieding et al. 1973
several wmioutes
or 1 hour
12




EXTRAPULMONARY EFFECTS

* effects on blood
- increased red blaod cell * 0.5 ppm Oq * Buckley et al. 1975
fragilicy several hours

- increased glucose—6-P
dehydrogenase and
lactate dehydrogenase
activity in red blood cells

~ decreased red blood cell " "
acetylcholinesterase
activity and glutathione

lavel
~ increased serum vitamin E

- decreased serum glutathione

reductase activity

Mutagenic, clastogenic and carcinogenic effects

Only few experimental data are available on the possible mutagenic and
carcinogenic effects of ozone and nitrogen dioxide. For ozone, they

are summarized in Table 5.

The data summarized in Table 5 indicate that ozone might be a mnuta-
genic agent, but the relevance of these in viiro studies to in wivo
expogure ig doubtful, because there are conflicting results from both
luman and animal studies. Guerrero et al., (1979}, for example,
reported sister chromatid exchanges (SCE's) in WI-38 cells exposed to
ozone, but exposure of human volunteers for 2 hours to 0.5 ppm ozone
produced no elevation of SCE's in peripheral lymphocytes {Guerreroc et
al. 1979). Besides McKenzie et al. (1977) were unable to show an
increase in chromosomal damage in the circulating lymphocytes of 30

13



volunteers exposed for 4 hours to 0.4 ppm ozone,
ted by Merz et al.

while results repor—

(1975) demonstrated chromosome aberrations in

lymphocytes of human subjects exposed to 0.5 ppm ozone for 6 or 10

hours.

TABIE 5. MUTAGENIC, CLASTOGENIC AND CARCINOGENIC EFFECTS INDUCED BY
OZONE.

Effects References

CLASTOGENIC EFFECTS

* chromosomal abnormalities, i.e. Fetner 1962

chromosome breakages and chromatid
deletions in human and animal cells

exposed in vitro or in vive

* gister chromatid exchanges in

WI-38 cells

MUTAGENIC EFFECTS

* base substitutions and frame—shift

mutations in Saccharomyces cerevisiae

* forward mutations in different strains

of Escherichia coli

* forward mutation on the HGPRT
locus of V79 cells

CARCINOGENIC EFFECTS

* increased tumor incidence in mice
exposed to ozonized gasoline for

52-92 weeks

% increagse in lung tumor number in
mice after exposure to .3-0.5 ppm
O0q intermittently for 6 months
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Zelac et al. 1971
Merz et al. 1975
Dubesu and Clung 1979

Guerrero et al. 1979

Dubeau and Chung 1982

L'Herault and Chung 1984

Chu 1971

Kotin and Falk 1956

Kotin et al. 1958

Hassett et al. 1985




With respect to the carcinogenic and mutagenic properties of nitrogen

dioxide the possible formation of nitrosamines by the reaction of
nitrite, arising from the reaction of nitrogen dioxide with water
(section 2.1), with tissue amines should be considered (von Nieding,
1978; Pryor and Lightsey, 1981; Morrow, 1984). As far as we know, mo
evidence is present concerning the mutagenicity or carcinogenicity of
nitrogen dioxide itself.

Obviously mutagenic and carcinogenic effects of ozone and nitrogen
dioxide should be Investigated in more detail before definite conclu-

sions can be drawn.
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CHAPTER 2

THEORIES ON THE MODE OF TOXIC ACTION AND
CELLULAR PROTECTION

The general idea on the mode of toxic action of ozone and nitrogen
dioxide is that they exert their toxic effect by means of their
oxidative capacity. Oxidation of the unsaturated fatty acids in the
membrane phospholipids (section 2.1} and/or of thiol groups and
sensitive amino acid residues of structural and functional proteins
(section 2.2) offers a likely common mechanism of toxic action
(Menzel, 1984; Morrow, 1984). However, it 1s still unknown whether the
callular reaction mechanisms underlying these oxidations are the same

for nitrogen dioxide and ozone, or not.

2.1. Oxidation of unsaturated fatty acld moieties of membrane
phospholipids

With respect to the oxidation of the unsaturated fatty acids in the
membrane phospholipids, two reaction mechanisms have been proposed in
the literature, either initfated by abstraction of an allylic hydrogen
atom or by addition of the ozonme or nitrogen dioxide molecule to the
double bond of the unsaturated fatty acid. Both theories are mainly
based on in vitro studies with pure fatty acid monolayers or

suspensions of pure fatty acids.

The abstraction mechanism

This reaction mechanism suggested for the oxidation of umsaturated
fatty acid membrane moleties appears to. be the same for both ozone and
nitrogen dioxide. The mechanism is deplcted in Figure 1. It is
initiated by the abstraction of an allylic hydrogen atom from the
unsaturated fatty acid molecule (Pryor and Lightsey, 198l; Pryor et
al., 1981; Pryor et al., 1982; Pryor et al., 1983).
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Initiation

A C00H =LH

Habstraction by 03 /NG, /+0H/ 05/H0O0 L0+ LOO=

AnsmAAA (00H
/\AA”‘\./\N\/\ COOH =L~

ANRTIANAAN CO0H

Propagation

L« + 0 —— LOO-
[LUO- + LH———= LOOH + Le rate-limiting
i

Branching
LCOH —f— L0+ + °0H
LODH+M"" - LOs + CoH +M™"
LOOH*M™W'——oDs + H*  +M™
2 LOOH —— LD+ + LOG+ +H,Q
LOOH+LH LO. + L= +H,0
Termination
2L« — LL
2100~ —— LOOL + O,
Lo0=+ L» — LOOL

Figure 1. Reaction scheme of vradical mediated 1ipid peroxidation, initiated by
hydrogen abstraction by ozone (04), nitrogen dioxide (NDZ) or reactive

species passibly arising from these compounds.

Tn addition to initiation of this lipid peroxidative pathway by
hydrogen abstraction by ozone or nitrogen dioxide themselves, hydrogen
abstraction could possibly be achieved by initial reactive specles
resulting from the reaction of ozone or nitrogen dioxide with water.

Alder and Hill (1950) and Sachsenmaier et al. (1965), reported the
formation of hydroperoxyl (HOO®) and hydroxyl ("OH) free radicals from

the decomposition of ozone in aqueous media, following the reaction

sequence: 241.
0; + H,0 —= HO; + OH
HO; + OH =——— 2HOO
0, + HOO'—= “OH + 20,
OH + HOO"—= H,0 + O,
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Digmutation of the hydroperoxyl free radical follows from a reaction
with another hydroperoxyl free radical or with its deprotonated form,
the superoxide free radical (021) readily formed from HOO® at neutral
pH where the concentration ratio 027/1-100' is 400 (Fukuzawa and
Gebicki, 1983).

Dismutation of the hydroperoxyl free radical proceeds by the following

reactions and gives rise to the formation of hydrogen peroxide:

HOO™ + H,0 ==0; + H;0"
HOO"+ 0; + H30"—=H,0, + 0, + H,0
HOO" + HOO® . —=H,0,+ 0,

Generation of hydrogen peroxide by ozone in aqueous medium has also
been suggested by other reports in the literature (Wenzel and Morgan,
1982; Wenzel and Morgan, 1983).

Finally, simultaneous production of 02" and Hy0, is an additional
source of hydroxyl free radicals, produced in the iron catalyzed
Haber-Weiss reaction (Haber and Weiss, 1934; Bus and Gibson, 1979;
Winterbourn, 1981; Winterbourn, 1982).

ER 1

——— o, + Fe

2+
0; + Fe

Fe” + H,0,————= OH" + OH + Fe™
+

. 3+ F 2+ .
0; + Hzozﬂ—e- oH" + OH + '0,

The oxygen molecule formed in this reaction may be the reactive
electronically excited form of 0;, singlet oxygen (= 102) (Kellog and
Fridovich, 1975; Koppenol, 1976).

In addition, 027 and "OH can also give rise to the production of

singlet oxygen in the reactions (Koppenol, 1976; Bus and Gibson, 1979;
Singh, 1982):
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The main reaction products formed upon the reaction of nitrogen
dioxide with water are the reactive hydroxyl free radical amd nitrite.
They arise from the resction (Huygen and Lanting, 1975):

NO, + H,0 ‘OH + HNO,
Depending on the reaction conditfons this reaction can be followed by

NO, + "OH ——= HNO;

resulting in the overall reaction (Huygen and Lanting, 1975):

2N0, + H,0 — HNO; + HNO;

The initiation of lipid peroxidation by hydrogen abstraction, achieved
by ozone or nitrogen dioxide themselves or by one of these reactive
oxygen species formed upon the reaction of the gaseous compounds with
water, 1s followed by a propagative chain reaction. Propagation of the
lipid peroxidative reaction sequence is achieved by addition of an
oxygen molecule to the lipid free radical (L7), followed by a subse-
quent hydrogen abstraction by the lipid peroxyl free radical (L0OO),
which gives rise to a lipid hydroperoxide (LOOH) and again a lipid
free radical (L) capable of entering the same reaction cycle (Figure
1) (Mead, 1976; Holman, 1954).

In this way a chain reaction is Initiated, of which the glowest, and
therefore rate limiting reaction is the hydrogen abstraction from a
subsequent fatty acid molecule (Witting, 197Q).
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This hydrogen abstraction occurring either as the initiation reaction
or in the propagation sequence, also is the only reaction step
dependent on the structural characteristics of the unsaturated double
bord(s) in the fatty acid molecule (Witting, 1970). Holman (1954) has
demonstrated that the relative rate of autoxidation increases
according to the ratios of approximately 0.025:1:2.5:5:7:7.5, with the

number of unsaturated fatty acid increasing from 1 to 6.

Branching of the chain reaction occurs when the 1lipid hydroperoxides
arising from this reaction sequence decompose into reactive chain-
initiating radicals following the equations given in Figure 1 (Gardner
et al., 1974; Pryor, 1976; Mead, 1976).

Based on the bond dissociation energy of the 00 bond in tertiair-
butyl-hydroperoxide, Pryor (1976} calculated that the rate constant
for the unimolecular decomposition of this hydroperoxide:

LOOH —= LO"* + *OH

is about 5 x 10710 gec7l ac 37°Cc, giving a half life time of 107
years. From this is concluded that such an uncatalyzed unimolecular
decomposition is not likely to occur in a cellular system, whereas
the metal catalyzed or molecule assisted decomposition of lipid
hydroperoxides may give rise to new free radical species (Figure 1)
(Pryor, 1976; Bus and Gibson, 1979).

Termination of the lipid peroxidative chain reaction can take place by
cross—linking of membrane phospholipids (Figure 1), but it can also be
achieved by the action of cellular antioxidant systems, which are to

be discussed in section l.6.

The addition mechanism

The second theory proposed for ozone or nitrogen dioxide induced

oxidation of unsaturated fatty acids is also mainly based on in vitro
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exposures of fatty acid monolayers or suspensions, and has not yet
been demonstrated to occur in vivo.

The theory suggests that the oxidation is initiated by an addition of
the gaseous compound to the double carbon—carbon bond of the unsatu-
rated lipid molecules. However, 1in spite of this apparently
corresponding initial reaction, the oxidative pathway following this
addition ig different for nitrogen dioxide and ozone respectively.

Addition of nitrogen dioxide to the double bond of an unsaturated
fatty acid results in direct formation of a 1lipid radical which wmight
subsequently give rise to a peroxidative process comparable to the one
described above (Figure 2). So in general 1ipid oxidation induced by
nitrogen dioxide proceeds by a radical mediated peroxldative reaction
scheme, when induced by the hydrogen abstraction or the nitrogen
dioxide addition wechanism.

Initiation
ANV CO0H = LH
» NO; - addition
-
CO0H = sL-NO,
NG,

Propagation
oL-NO; + 0; — «00L-NO,
*00L-NO,+ LH —— HOOL-NQ, + L=

le+0, —— LOOs
FLDD- *LH —= LOOH +Ls

Brunching . comparable to figure 1

Termination : comparable to figure 1

Figure 2. Reaction scheme for radical mediated 1lipid peroxidation initiated by
nitrogen dioxide (NOZ) addition.

28




Based on experimental data presented by Pryor and Lightsey (1981) and
Pryor et al. (1982) it appears that the initiation reaction of
nitrogen dioxide induced oxidation of unsaturated carbon-carbon bords,
changes from predominantly addition at extremely high concentrations
of nitrogen dioxide (> 1% = 10000 ppm) to predominantly abstraction at
relatively low ppm levels of nitrogen dioxide { <100 ppm). This change
in the initiation mechanism from addition to abstraction may be
caused by the competition between a reversible addition reaction,
favoured only at high concentrations of nitrogen dioxide, and an
irreversible hydrogen abstraction step (Pryor and Lightsey, 1981;
Pryor et al., 1982).

Pryor et al. (1982) demonstrated that at nitrogen dioxide concentra-
tions below 100 ppm oxidation of fatty acid model compounds, i.e.
methyl oleate (18:1), methyl linoleate (18:2) or methyl linolenate
(18:3), 1s initiated for at least 75~90% by abstraction of an allylic
hydrogen atom.

On the basis of these data it can be assumed that when air containing
nitrogen dioxide is inhaled, polyunsaturated fatty acids in the lung
react with nitrogen dioxide by a mechanism initiated by hydrogen
abstraction, the addition mechanisu being highly unlikely.

Finally it is of importance to notlce that abstraction of an hydrogen
atom by nitrogen dioxide gives rise to nitrous acid which might react
with amines to produce nitrosamines (Pryor et al., 1982)(see section
1.3).

In contrast to the addition of the nitrogen dioxide free radical to a
double carbon—carbon 1ipid bond, the addition of ozone does not result
in direct formation of a lipid free radical. The reaction pathway
following addition of ozone to an unsaturated lipid bond may proceed
as suggested by Criegee (1957) (Figure 3). The mechanism appears to
proceed by means of 1lonalr instead of free radical initial inter—
mediates. Oxidation of membrane lipids by this ionair mechanism may
eventually result in formation of ozonides, aldehydes and lipid hydro-
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peroxides (Figure 3). It is postulated in the literature, that thege
intermediates are involved in the toxic action of ozone, because they
might for instance decompose into free radicals, which - in turn -
could give rise to a radical mediated lipid peroxidation (Pryor et
al., 1976). This implies that the oxidation of unsaturated fatty acids
by ozone, when initiated by means of the ionair addition mechanism,
may still proceed by a radical mediated mechanism of toxic actionm.

AnTAAA CO0H LH
o
R R
I 05- addition
/0\
0 g
K- —C-H
R I R’
0 -0, H
N M0
@ '7 Cli
00 R N
HfEl pzonide
R
] ol 00H O
nd 1 H "
oo + RC-0H A-L —0-C-R
I
H-t coH
R " ! “
+ R=0H H-Q—D—R

R

Figure 3. The fonair Crilegee reaction mechanism for oxidation of unsaturated
fatty acids initiated by ozone (03) addition.

Studies using pure fatty aclds (Goldstein et al., 1968b; Roehm et al.,
1971a; Roehm et al., 1971b; Pryor et al., 1976; Srisankar and
Patterson, 197%9), or aqueous emulsions of fatty acids (Roehm et al.,
1971a; Roehm et al., 1971b) have demonstrated the ability of ozone to
react by either one of the reaction mechanisms. The influence of the
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oxidant concentration on the reaction mechanism followed has not been
studied as extensively as for nitrogen dioxide, but even at low ppm
concentrations of ozone, i.e. 1.5 ppm (Roehm et al., 197la; Roehm et
al., 1971b) and 0.03 ppm (Srisankar and Patterson, 1979) the oxidation
of the unsaturated fatty acid model compounds seemed to proceed
predominantly by the addition mechanism.

Based on data from experiments in which fatty acid model compounds
were expogsed to 0.08-1.5 ppm ozone, Pryor et al. (1976) even suggested
that some initial product produced, perhaps an ozonide, might react to
produce radicals which could initiate lipid peroxidation. Obviously,
this hypothesis combines both possible mechanisms of toxic action

known for ozone.

The most convincing evidence for the involvement of a radical mediated
lipid peroxidation in the mechanism of toxic action of both ozone and
nitrogen dioxide can be found in the protection provided by the pheno-
lic antioxidant vitamin E (= g -tocopherol) (Thomas et al., 1968;
Fletcher and Tappel, 1973; Chow et al., 1979; Chow et al., 198l) amd
also in the increased amount ¢f ethane or pentane detected in the
breath of ozone or nitrogen dioxide exposed mice, or rats (Dumelin et
al., 1978a; Dumelin et al., 1978b; Sagai et al., 1981; Sagai et al.,
1982). Ethane and pentane can arise from the irom—catalyzed permxida-
tive breakdown of regpectively 3 and  w g unsaturated fatty acids
(Figure 4) (Logani and Davies, 1980; Tappel and Dillard, 1981).

However, up to now, it is not known whether the initial reaction,
leading to the possible oxidative breakdown of cellular membrane
lipids, 1s the same for both ozone or nitrogen dioxide - i.e. an

allylic hydrogen abstraction —, or that ozone medlated lipid oxidation

is initiated by the ionair Criegee mechanism, leading to ozonide
intermediates which may possibly only in second instance give rige to
radical mediated lipid peroxidation.
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Figure 4. Formation of volatile hydrocarbons (ethane and pentane), following
peroxidation of respectively wq and g unsaturated fatty acids.

In addition to the cellular disruption possibly caused by lipid oxida-
tion, further cellular damage may be induced by the toxic products
arising from this oxidation. Lipid hydroperoxides as well as 1lipid
ozonides are known to be very toxic (Cortesi and Privett, 1972; Menzel
et al., 1975a; Menzel et al., 1975b; Calabrese et al., 1982; Calabrege
et al., 1983), but other products arising from 1lipid peroxidation may
also represent a mechanism by which deleterious effects on cellular
functions can be caused.

Frankel et al. (1977a; 1977b) demonstrated that in addition to the
lipid hydroperoxides minor products such as fatty acid epoxides,
alcohols, aldehydes and ketones arise from autoxidation as well. And
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Benedetti et al. (1984a; 1984b) described a group of toxic aldehydes,
4-hydroxy alkenals (R-CHOH-CH=CH—CHO}, arising from peroxidation of
liver microsomal lipids and able to react with SH-groups of low

molecular welght thiols and proteins.

2.2, Oxidation of proteins

In addition to the ozone or nitrogen dioxide induced oxidation of the
unsaturated fatty acid moleties of membrane lipids, oxidation of
cellular proteins possibly contributes to the induced cell damage as
well. Oxidation of sensitive amino acids of enzymes may lead to
inhibition of their catalytic function (Chio and Tappel, 1969; Mudd et
al.,, 1969; Buckley et al., 1975; Mudd and Freeman, 1977; Freeman et
al., 1979), and oxidation of structural membrane proteins may result
in a loss of membrane function.

As with the theories for oxidation of the unsaturated fatty acid
moieties in membrane phospholipids, theories for the involvement of
protein oxidation in the toxic mechanism of action of ozome or nitro—
gen dioxide are primarily based on in vitre studies under a-biotic
conditions. From in vitro studies with amino acid solutions it
appeared that several amino aclds were oxidized by ozone or nitrogen
dioxide. Their relative sensitivity towards axidation varied in the
order cysteine> methionine > tryptophan> tyrosine > histidine>
cystine » phenylalanine. Other amino acids were umaffected (Mudd et
al., 1969).

Obviously this order of reactivity may be somewhat different for amino
acid residues of proteins, where the position of a susceptible amino
acid residue in the tertiary structure of the protein can affect its
sensitivity.

The amino acid residues in proteins may be damaged either by direct
oxidation or by a mechanism initiated by hydrogen abstraction
(Stokinger, 1965; Menzel, 1971; Hornsby and Crivello, 1983; Hoey and
Butler, 1984).
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The last process may be followed by oxygenation and/or polymerization,

analogue to the mechanism for oxidation of unsaturated fatty acids
(Figure 1). In theory, this radical mediated protein oxidation could
be initiated by nitrogen dioxide or ozone themselves, but it might as
well be a process initiated in second instance by 1ipid radicals such
as L0O" (Hoey and Butler, 1984) (Figure 5), or by the reactive inter-
mediates possibly formed upon the reaction of ozone or nitrogen
dioxide with water (02_" : HOO" : Hy0, ; °OH : ]'02) (section 2.1).

Lysozyme-Trp H-Tyr OH

LOO-
LOOH

Lysozyme-Trp* -Tyr OH

I

Lysozyme-TrpH-Tyr Q.

Figure 5. Oxidation of amino acid residues in lysozyme by lipid peroxyl free
radicals as suggested by Hoey and Butler (1984).

Radical medfated termination reactions or non-radical mediated
oxidations may lead to cross linking of membrane proteins by for
example disulfide bridges (De Lucia et al., 1975) or oo -dityrcsine
bridges (Verwey et al., 1982) (Figure 6).

Cross linking of amino acids or proteins has also been considered to
arise from a reaction of the proteins with aldehyde products, — such
as malondialdehyde - formed during peroxidation of membrame lipids
{Chan et al., 1977; Buege and Aust, 1978; Logani and Davies, 1980)
(Figure 6 + 7)., Some investigators, however, have concluded that the

amount of malondialdehyde produced during ozone exposure may be very

34



R-SH + R’-SH =~ R-5-5-R'

R-tyr-0-0-tyr-R’

R-tyr-0H + R'~tyr-0OH

0 0
R-NH, + R-NH, + CH-CH,-CH ———= R-N=CH-CH=CH-NH-R’ + H,0

Figure 6. Cross linking of amino acids and/or proteins by disulfide bridges,
o-d'-dityrosine bridges or malondialdehyde.

R R
TV
H

H*abstraction

-

00H

RW‘D()O‘VR —u RW{B\/R

Figure 7. Formation of malondialdehyde (MDA} following peroxidation of paly-

unsaturated fatty acids.
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low and therefore insufficient to bring about protein cross linking
(Teige et al., 1974; Freeman et al., 1979).

Evidently cross linking of membrane proteins may have a pronounced
impact on both structural and functional properties of the cell
membrane.

But, as for the oxidation of unsaturated membrane fatty acids, direct
evidence for the involvement of protein oxidation in the toxic
mechanism of action of ozone and nitrogen dioxide is lacking. The
theories presented are mainly based on in vitro expogures of amino

acid or protein solutions.

2.3. Antioxidant protection against ozone and nitrogen dioxide

Several cellular mechanisms of defense have been shown to inhibit the
toxic action of oxidants like ozone and nitrogen dioxide. As the
toxleity of both gases can be ascribed to their oxidative nature,
biological antioxidant systems can be expected to protect both cells
in vitro as well as animals or man exposed in vivo, from damage by
ozone or nitrogen dioxide.

Protection by the membrane bound antioxidant vitamin E for example has
been well documented. Alink et al. (1982) demonstrated the protective
action of vitamin E on lung cells exposed to ozome in vitre. And in
¥vivo an increased sensitivity of rat pulmonary tissue after depletion
of dietary vitamin E as well as a decreased sensitivity of rats and
mice fed a vitamin E supplemented diet, have been demonstrated (Roehm
et al., 1971a/b; Fletcher and Tappel, 1973; Donovan et al., 1977; Chow
et al., 1979; Menzel, 1979; Chow et al., 1981).

In addition, in vivo evidence for the involvement of the water
soluble antioxidant vitamin C (ascorbic acid) in the cellular protec—
tion agalngt oxidative air pollutants, is provided by studies
demonstrating decreased levels of ascorbic acid in the lungs of
exposed animals (Mustafa and Tierney, 1978; Xratzing and Willis,
1980), and by studies in which adeinigtration of ascorbic acid to
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animals lessened the pulmonary damage caused by subsequent exposure
(Matzen, 1957; Pagnotto and Epstein, 196%).

Evidence for the protection against ozone or nitrogen dioxide by the
water soluble antioxidant glutathione is indirect, as it is provided
by 1) studies reporting a decrease in reduced glutathione in the lungs
or blood of exposed animals (Mountain, 1963; Goldstein et al., 1968a;
De Tucia et al., 1972) or man {Buckley et al., 1975), or by ii) the
observation that exposure of animals for several days to 0.1-1.0 ppm
ozone or 2.3-10 ppm nitrogen dioxlde enhances the activity of the
enzymes of the socalled glutathione peroxidase pathway in their lumgs
(Chow and Tappel, 1973; Chow et al., 1974; Sagal et al., 1982).

The role of other possible antioxidant systems in the cellular defense
against ozone or nitrogen dioxide has not been clearly demonstrated up
to now, neither in vivo nor in vitro.

In the next section, reaction mechanisms available for cellular
defenge against ozone or nitrogen dioxide are discussed in more

detail.

2.4, Mechanisms of cellular defense

The mechanisms available for cellular defense against ozone or
nitrogen dioxide may be divided in two main classes, in part analogous
to the classification made by Burton and Ingold (1983) and Hornsby and
Crivello (1983) based on the role of the antioxidant systems in
preventing radical mediated lipid peroxidation.

The first group consists of socalled “"preventive antioxidant systems",
they prevent the formation of inltial damage to cellular proteins
and/or membrane lipids. The second group contains antioxidant systems
which prevent the onset of further cell damage induced by the initial-
ly oxidized cell components and might be called "suppreseive anti-
oxldant systems.”
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Antioxidant systems of the first group may act by scavenging the
reactive initlating species, or by protecting the target molecules
from oxidative attack.

1) An example of this can be found in the structural characteristics

of the cell membrane whose hydrophobic phospholipid bilayer may not
easily be penetrated by polar oxidative Initiating species
(Gutteridge, 1978; Dormandy, 1978; Pryor et al., 1983; Hornsby and
Crivello, 1983).

2) Similarly, a decreased accessibility of susceptible amino acids,

determined by eilther the cellular location of the protein itself or by
the position of the susceptible residue in the tertiary structure of
the protein, may contribute to the protection of structural or
fuctional proteins (Pryor et al., 1983).

3) In addition, the formation of socalled mixed disulfides between

glutathione and protein sulfhydryl groups might protect these groups
from irreversible oxidation by ozone, nitrogen dioxide or their
reactive {nitial intermediates (De Lucia et al., 1972; De Lucla et
al., 1975; Chan et al., 1977). Such reactive intermediates might be
02", its protonated form HOO', Hy05, or "OH free radicals, formed upon
the reaction of ozone or nitrogen dioxide with water (section 2.l).

4) Therefore, superoxide dismutase (S0D), catalase and the Se-

dependent glutathione peroxidase, which dismutate 02'1 or Hy0, (Figure

8) belong to this category of antioxidant systems as well.

3) Finally vitamin E ( a—tocopherol), vitsmin C (ascorblc acid) and
glutathione also belong to this group of preventive antioxidant
systems, as far as their capacity to scavenge the reactive initial

compound is concerned.

Suppressive antioxidant systems on the other hand, prevent the onset
of further cellular damage by the initlally oxidized cell components.
Such antioxidant systems may act by converting these oxidized cell
components to their initial reduction state or to less toxic Inter-

mediates.
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~ Superoxide dismutcse (S00]
*Mn-500 mitochondria
*CufZn-500 - cytoplasm

SOD-Cu?* + 0,5 ——= S00-Cu” + 0,
SOD-CU" + 0;° «2H* —=  $0D-Cu™+H,0,

+

0 + 0 + ZH' —— 0;* H, 0;

- Cotolase

7H,0, ——= 2H,0+0,

- Se-dependent GS54-peroxidase

H;0, + 2GSH ———= 2H,0 + G556

Figure 8. Detoxification of superoxide anion free radicals (0;° ) by superoxide
dismutase and of hydrogen peroxide (Hy0,) by catalase or Se—dependent
glutathione peroxidase.

1) The glutathione peroxidase enzyme system can act in this way,

reducing the toxiec lipid hydroperoxides to their corresponding
alcohols using the reduction equivalents of glutathione (Figure 9).
The oxidized glutathione formed iz this way, can be reduced by gluta-
thione reductase using NADPH reduction equivalents, provided by the
hexose-monophosphate shunt.

2) In addition to the glutathione peroxidase system, detoxifying lipid
hydroperoxides, enzymes capable of metabolizing other toxic products

of lipid peroxidation such as epoxides, aldehydes or ketones might as
well prevent the onset of further cellular damage. Among these are the
enzymes of xenoblotic metabolism such as epoxide hydrolase (Mead,
1980; Hornsby and Crivello, 1983), aldehyde dehydrogenase (Slater,
1979; Benedetti et al., 1984b) and maybe mono-oxygenases and conjuga-
ting enzymes as well (Slater, 1979; Hornsby and Crivello, 1983).
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LOOH 2GSH NADP® glucose-6-P

N/ N/ N/
GSHPx G6POH
ANSRVANIIWAN

LOH GSSG NADPH+H 6-P-gluconate

Figure 9. Detoxification of lipid hydroperoxides (LOOH) by the glutathione
peroxidase pathway.
GSHPx = glutathione peroxidase, GR = glutathione reductase and G&PDH =
glucase—6—phosphate dehydrogenase.

3) Metal chelating proteins such as ferritin, tramsferrin and lacto-

ferrin, are part of this group of antioxidant systems as well because
they may prevent the metal-catalyzed homolytic cleavage of (lipid)
hydroperoxides to toxic free radical specles (Figure 1) by binding the
catalytic tramsition metal ions (Buege and Aust, 1978; Winterbourn,
1981; Gutteridge et al., 198l; Hornsby and Crivello, 1983). In
addition, enzymes such as caeruloplasmin may prevent this cleavage by
keeping the metal ions in their oxidized (i.e. catalytically less
active) state (Hornsby and Crivello, 1983; Brinkman et al., 1964;
Dormandy, 1978; Cranfield et al., 1979).

4) Finally antioxidants like o -tocopherol, vitamin C and glutathione
may stop the process of radical mediated lipid peroxidation by
scavenging the propagating radicals 100" and L'

On the following pages the cellular antioxidant systems on which

attention was focussed in this thesis are discussed in more detail.

VITAMIN E
Emerson et al. (1937) demonstrated that vitamin E is made up of a

group of closely related tocopherols, named «,3 ,y and § —tocopherol
(Figure 10). The first one, & =-tocopherol turned ocut to be the one
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Figure 10. Molecular structure of tocophercls.

most common and also the most active member of this group with respect
to both its biological and its in vivo antioxidant activity (McCay and
King, 1980; Burton and Ingold, 1983; McCay, 1985). The antioxidant
action of this membrane bound cell component is generally ascribed to
its ability to transfer a hydrogen free radical to a lipid (peroxyl)

free radical:

L* + AOH —— LH + AD*
LOO* + AOH —— LOOH + AOD*

thus terminating the peroxidative chain reaction (Burton and Ingold,
1983; McCay, 1985).

Obviously other free radicals can be scavenged as well. Vitamin E was
shown to scavenge 02_' radicals (0zawa et al., 1978; Nanni et al.,
1980; Tajima et al., 1983; Fukuzawa and Gebicki, 1983), its protonated
from ‘00H (Fukuzawa and Gebicki, 1983), ‘OH radicals (Fukuzawa and
Gebicki, 1983) and even tryptophan free radicals (Hoey and Butler,
1984},

The most reactive hydrogen atom of vitamin E was shown to be that of
its hydroxyl group (Boguth and Niemann, 1971; Urano and Matsuo, 1976;
Ozawa et al., 1978). The chromanoxyl free radical formed upon hydrogen

donation by o-tocopherol, appears to be relatively stable and unreac-
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tive due to resonance stabilization (Boguth and Niemann, 1971; Urano
and Matsuo, 1976; Ozawa et al., 1978).

As vitamin E is a two electron donor, the chromanoxyl free radical of
o, —~tocopherol might donate a second hydrogen atom, scavenging a second
radical. This second hydrogen domation by the chromanoxyl free radical
of o-tocopherol may proceed as depicted in Figure 11. The reaction may
give rise to the generation of o~tocopherol quinone (Shimasaki and
Privett, 1975), or of the other oxidized form depicted in Figure 11
(Pryor, 1976). However, when the chromanoxyl free radical 1is trams-
formed into & benzyl free radical by a socalled chromanoxyl-benzyl—
radical-rearrangement {Boguth and Niemarnn, 1971) the second hydrogen
free radical may also be provided by the hydroxyl group of the chroman
head group (Figure 11).

CHy CH, CHy

CH3 A0 (CH, CH, CH, CH),-CH,

HO

g

tH,

a-tecopherol
0-

Lo
LOOH
Otr N R
ke HO
7 CH, CH,
chromanoxyl free radical benzyl free radical

o

Log- LOQ- LOQ-
LOCH LOOH LOOH

OH

T

[}
I
w
P
I
I

a-tocopherol guinone

Figure 1l. Hydrogen donatifon reactions / one electron oxidation reactions, of
n-tocopheral.,
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Instead of donating a secord hydrogen atom, the O -tocopherol
chromanoxyl free radical may be repaired by another cellular hydrogen
donor, such as vitamin C or glutathione, a process described in
section 2.5 and resulting in regeneration of the « —tocopherol

molecule.

Besides this radical scavenging capacity, o -tocopherol may also act
as an antioxidant by quenching toxic non-radical species such as for
example the reactive singlet oxygen wolecule (Grams and Eskins, 1972;
Foote et al., 1978; McCay et al., 1978; Chow et al., 1979).

Quenching of singlet oxygen and the radical scavenging actiom of
0 —tocopherol can also produce oxidation products different from the
oneg described above. Quenching of singlet oxygen by & —tocopherol was
reported to yleld a complex mixture of oxidized quinones and quinone-
epoxides (Grams and Eskins, 1972; Foote et al., 1978), whereas the
oxidation products of o-tocopherol detected in the presence of
autoxidizing lipids also include a dimer and even a trimer of o -
tocopherol as well as adducts of the oxidized tocopherol with fatty
acid moieties of the lipids (Matsushita et al., 1978).

In addition to its action as an antioxidant, Iucy and Dingle (1964)
have proposed another mechanism that may contribute to the protective
role of vitamin E, namely its action as a membrane stabilizer. Based
on molecular bullding studies, it was suggested that vitamin E might
stabilize membrane structures by virtue of a specific physico~chemical
interaction between its phytyl side-chain and the fatty acyl chains of
polyunsaturated phospholipids, particularly those with arachidonyl
fatty acid residues (Lucy and Dingle, 1964; Lucy, 1972; Diplock and
Lucy, 1973) (Figure 12). Such a close physico-chemical association may
provide a structural mechanism for protection of these polyunsaturated
membrane phospholipids against peroxidative breakdown (Lucy and
Dingle, 1964; Lucy, 1972; Diplock and Lucy, 1973).
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Figure 12. Schematic representation of the structural membrane stabilization by

o-tocopherol provided by the physico~chemical interaction between its
phytyl side chain and the fatty acyl chains of polyunsaturated

nembrane phospholipids, as suggested by Tucy (1972) and Diplock and
Lucy (1973).

VITAMIN C

The second cellular antioxidant of importance, vitamin C (ascorbic
acid), is water soluble and present in the cytoplasm of the cell. Like
vitamin E, vitamin C is a two electron / hydrogen donor.

In biological systems, at neutral pH, ascorbic acid exists in its
dissociated form (Swartz and Dodd, 1981) (Figure 13).

The ascorbate anion may act as an electron donor iIn a radical
scavenging reaction, gilving rise to the ascorbyl free radical, also
called mono-dehydroascorbic acid (Bielski et al., 1975; Swartz and
Dodd, 1981) (Figure 13). At physiological pH, the ascorbyl free
radical 1s mainly present in its dissoclated, anlonic form and appears
to be relatively inert because of its resonance stabilization (Laroff
et al., 1972; Bielski et al., 1975; Swartz and Dodd, 1981) (Figure
13). WNevertheless the ascorbyl free radical may quench a second
radical giving rise to dehydroascorbic acid (Figure 13} or it may
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react with another ascorbyl free radical, disproportionating into
ascorbie acid and dehydroascorbic acid (Bielski et al., 1975 Swartz
and Dodd, 1981).

Finally regeneration to ascorbic acid may occur, either enmzymatically
at the cost of NADH reduction equivalents catalyzed by the NADH-
semidehydroascorbate reductase system (Ito et al., 1981) or chemically

by other cellular electron / hydrogen domors (section 2.5).

HCOH H,COH
HCOH HCOH
-H* 0
- 0 — 0 L -ascorbic aod
H H
HO OH HO ©°
+E” l~e'
HZEOH H250H
HCOH HCOH
0 0 C 0
H
HO ©° 0 OH
+ Eti&i:’ j;;jﬁ;ﬁ‘
HzﬁOH - H2FOH
HCOH HCOH
e 0 ascorbyl free radical
A =
Pyl 0 {resonance stabilized}
,// ( H
2AL 0 0
+e-l-e‘
HzEOH
HCOH
0 0 dehydro ascorbic acid
H
00

Figure 13. One electron oxidation reactions of ascorbic acid.
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Like vitamine E, vitamin C may scavenge radicals from the lipid=-
peroxidative chain reaction, thus preventing formation of increased
amounts of 1ipid hydroperoxides, but vitamin C is also capable of
quenching other radicals such as 02_' {(Nishikimi, 1975; Nanni et al.,
1980), °'OH (Laroff et al., 1972; Fessenden and Verma, 1978), and even
some amino acid free radicals, wviz. tryptophan or tyrosine derived
free radicals either in their free form or even when incorporated into

a protein molecule.

The capacity of the polar ascorbic acid molecule to quench lipid
peroxyl free radicale present in the apolar cell membrane, might be
declared by the point stated by Barclay and Ingold (1980) that lipid
peroxyl free radicals, having a significant dipole moment might move
out of the inner membrane region (Hornsby and Crivello, 1983).

GLUTATHIONE

Ag vitamin C, the tripeptide glutathione (v —Glu—CysSH-Gly) (GSH) is a
water soluble antioxidant present in the cytoplasm of cells. Its
antioxidant capacity could be due to a direct antioxidant function,
comparable to the one described for vitamin E and C, but it might as
well be ascribed to its substrate function in a number of enzyme
catalyzed cellular reactions, like the detoxification of peroxides.
The most important enzyme involved may be glutathione peroxidase
(GSHPx) which catalyzes the reduction of peroxides to the correspon—
ding alcohols using glutathione reduction equivalents (Chow and
Tappel, 1972) (Figure 9). Two different forms of GSHPx have been
demonstrated to occur, a selenium(Se)-dependent GSHPx and a Se-—
independent ome, which might be related to GSH S-transferase (Flole,
1982} .

The main difference between both forms of GSHPx can be found in the
fact that only the Se—dependent GSHPx is able to reduce H,05. Both
GSHPx-es are able to reduce organic hydroperoxides although with a
different substrate affinity, Km being 1-10 p M for the Se-dependent
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GSHPx and 0.5-2.5 mM for the Se—~independent form (Little et al., 1970;
Lawrence et al., 1978).

The ability of GSHPx to reduce toxic fatty acid hydroperoxides incor-
porated in membrane phospholipids, has been doubted by McCay et al.
(1976), who reported that the GSHPx system was not able to reduce the
lipid hydroperoxides present in phospholipid emulsions to the
correspording aleohols. In a biological system, however, the action of
GSHPx on hydroperoxide moieties in membrame phospholipids may depend
on the action of phospholipases which may recognize peroxidized
membrane associated lipid chains and cleave them, resulting in their
release into the cytoplasm where they may be reduced by GSHPx
(Grossmann and Wendel, 1983; Flohé, 1982).

Besides its substrate function in GSHPx—catalyzed reactions, gluta-
thione could possibly be used for the formation of socalled "mixed
disulfides”.

This reaction can be catalyzed by GSH transferases and results in the
formation of disulfide linkage between glutathione and a protein thiol
group. In this way important thiol groups of structural and/or
functional proteins might be reversibly protected from irreversible
oxidation by oxidative campounds (De Lucia et al., 1972; De Lucia et
al., 1975).

Furthermore, several less well defined glutathione dependent enzyme
systems capable of protecting membranes, have been described. Among
them are cytosolic as well as membrane associated and microsomal
protein factors (McCay et al, 1981; Ursini et al,, 1982; Burk, 1983;
Hill and Burk, 1984).

In addition to these glutathione dependent enzyme catalyzed anti-
oxidant systems, glutathione may function as a direct scavenger of
reactive intermediates as for example °OH, 02_' or carbon centered
free radicals (Forni and Willson, 1983). The thiyl radical of gluta-
thione (GS"), formed upon a radical gcavenging reaction is relatively
stable and causes no further damage (Forni and Willson, 1983). It
might recombine with ancther GS* to give GSSG (Pryor, 1976), but in a
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biological system it might also react with a reducing agent (for
example vitamin C, NADP)H or cytochrome C) in an electron transfer
reaction giving rise to the thiol anion GS, which - in aqueous
surroundings at physiological pH — immediately protonates to give GSH
(Forni and Willson, 1983) (Figure 14).

LOOH

LOO-
GSH —LZ GSe
_N %_ GSe
GS™

Figure 14. Chemical oxidation and reduction reactions of glutathione as

suggested by Pryor (1976) and Forni and Willson (1983).

2.3. Interactions between different cellular antioxidant systems

During oxidative stress all cellular antioxidant systems available
might cooperate in protecting the cell from irreversible oxidative
damage. There is evidence, for example, that lipid peroxyl free
radicals can be scavenged by o~-tocopherol (Menzel, 1970; Packer et
al., 197%; Burton and Inghold, 1983; McCay, 1985), and that the lipid
hydroperoxides formed, can be detoxified by glutathione peroxidase
after they have been liberated from the cell membrane by phospholi-
pases, (Grossman and Wendel, 1983). The o —tocopherol free radical
formed might be reduced by other antioxidants, for example vitamin C
(Menzel, 1970; Packer et al., 1979; Leung et al., 1981; McCay, 1985).,
which - in turn — may be regenerated by a NADH dependent reductase
{Packer et al., 1979; Ito et al., 1981)., or ~ after its dispropor-
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tionation - by glutathione (Menzel, 1970). Finally, the oxidized
glutathione formed in this reaction can be regenerated by glutathione
reductase using NADPH reduction equivalents. All these processes are
depicted in Figure 15.

AH*HT GSSG NADPH+H*
Ja
A 2GSH NADP™
AH*

LOO. at-OH AH- Y INADH YR
X *
LOGH aT-Q+ AH=H* 7 NAD*
26SH NADP™
3
G556

NADPH+H"*
LOH

Figure 15. Example of a sequence of cellular redox couples demonstrating the
possible cooperation between several antioxidant systems.
AH = ascorbic acid, oT-OH = q-tocopherol.
1 = GSH peroxidase, 2 = GSSG reductase, 3 = semidehydro ascorbic acid

reductase.

This sequence of redox—couples is the one usually put forward, because
the redox-couples involved have been demonstrated to occur in vitro
either enzyme catalyzed or non—catalyzed {(Menzel, 1970; Mustafa and
Tierney, 1978; Packer et al., 1979; Tto et al., 1981). But in addition
to the sequences mentioned in Figure 15 other redox—couples may occur.
Vitamin ¢, for example, or glutathione, may scavenge lipid peroxyl
free radicals as well (Menzel, 1970; Hornsby and Crivello, 1983;
McCay, 1985) and the @ -tocopherol free radical may perhaps be rege-
nerated directly by glutathione, without the interventiom of vitamin C
(Pryor, 1976).
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Obviously it may even be posgible that all redox couples of cellular
electron / hydrogen donors cooperate, keeping all of them in balance
as good as possible. Thus it might happen that the vitamin C free
radicals are regenerated at the cost of glutathione reduction equiva-—
lents, but - when glutathione is primarily acting as the electron /
hydrogen donor -, that the reaction predominantly proceeds in the
opposite direction, resulting in regeneration of the glutathfone thiyl
free radical by vitamin C (Forni and Willson, 1983). In additiom, the
thiyl free radical of glutathione might also be reduced by other
cellular electron / hydrogen donors such as NADH, or cytochrome C
(Forni and Willgon, 1583).

Equilibria between all cellular electron / hydrogen donors will be
determined by their respective redoxpotentials, their cellular
concentrations, the overall result of their enzyme catalyzed or
chemical conversions, but also by structural characteristics as for
example the ability of different electron / hydrogen domors to reach
each other within the cell.

REFERENCES

Alder, M.G. armd Hill, G.R., (1950) The kinetics and mechanism of hydraxide fon
catalyzed ozone decomposition in aqueous solution. J. Am. Chem. Soc., 72:
1884-1887.

Alink, G.M., Rietjens, I1.M.C.M., Van der Linden, A.M.A. and Temmink, J.H.M.,
(1982) Biochemical and wmorphological effects of ozone on lung cells in
vitro. In: The Biomedical effects of ozone and related photochemical oxi-
dants. Lee, S.D., Mustafa, M.G. and Mehlman M.A. (eds.) Princeton Scienti-
fic Publighers, pp 449-453.

Barclay, L.R.C. and Ingold, X.U., (1980} Autoxidation of a model membrane. A
comparison of the autoxidation of egg lecithin phosphatidyl choline in
water and in chlorobenzene. J. Am. Chem. Soc., 102: 7792-77%4.

Benedetti, A., Comporti, M., Fulceri, R. and Esterbauer, H., (1984a) Cytotoxic
aldehydes originating from the peroxidation of liver microsomal 1ipids.

Identification of 4,5-dihydroxy decenal. Biochim. Biophys. Acta, 792: 172-
181.

50



Benedetti, A., Fulceri, R. and Comporti, M., (1984b) Inhibition of calcium

sequestration activity of liver microsomes by 4-hydraxy alkenals origina-
ting from the peroxidation of liver microsomal lipids. Biochim. Biophys.
Acta, 793: 489-493.

Bielski, B.H.J., Richter, H.W. and Chan, P.C. (1975) Some properties of the
ascorbate free radical. Ann. N.Y. Acad. Sci., 258: 231-237.

Boguth, W. and Niemann, H., {(1971) Electron spin tresonance of chromanox free
radicals fromg-—, ¢ 27 B T Y a8 ~tocopherol amd tocol. Biochim. Biophys.
Acta, 248: 121-130.

Brinkman, R., Lamberts, H.B. and Veninga, T.S., (1964) Radiomimetic toxicity of
ozonised air. The Lancet, 1: 133-136.

Buckley, R.D., Hackney, J.D., Clark, K. and Pogin, C., {1975) Ozone and human
blood. Arch. Environ. Health, 30: 40-43.

Buege, J.A. and Aust, 5.D., {1978) Microsomal 1lipid peroxidation. In: Methods in
Enzymology 52, Fleisher, S. and Packer, L. {(eds.) Academic Press New York,
pp 302-310.

Burk, R.F., (1983) Glutathione—-dependent protection by rat liver microsomal

protein against lipid peroxidation. Biochim. Biophys. Acta, 757: 21-28.
Burteon, G.W. and Ingold, K.U., (1983) Mechanisms of antioxfdant action. Studies

on vitamin E and related antioxidants in biological systems.
In: Protective agents in cancer. McBrien, D.C.H. and Slater, T.F. (eds.),
Academic Press London, pp 81-92.

Bus, J.5. and Gibson, J.E., (1979) Lipid percxidation amd its role in
toxicology. In: Reviews in biochemical toxicclogy 1. Hodgson, E., Bend,
J.R. and Philpot, R.M. (eds.) Elsevier North Holland Inc., pp 125-149.

Calabrese, E.J., Maore, G.S., Williams, P., (1982) Effect of methyl oleate
ozonide, a possible ozone intermediate, on normal and G-6 PD deficient
erythrocytes. Bull. Environm. Contam. Toxicol., 29: 498-504.

Calabrese, E.J., Williams, P.S. and Moore, G.S., {1983) An evaluation of the
dorset sheep as a predictive animal model for the response of glucose—6—
phosphate dehydrogenase-deficient human erythrocytes te a proposed systemic
toxic ozone Intermediate, methyl oleate ozonlde. Ecotoxicol. Environ.
Safety, 7: 416422,

Chan, P.C., KXindya, R.J. and Kesmer, L., (1977) Studies on the mechanism of
czone Inactivation of erythrocyte membrane (Na+ + K+)—activated ATPase. J.
Biocl. Chem., 252: 8537-B541.

Chio, K.S. and Tappel, A.L., (1969) Inactivation of ribomclease and other
enzymes by peroxidizing lipids and malonaldehyde. Biochem., 8: 2827-2832.

51



Chow, C.K. and Tappel, A.L., (1972) An enzymatic protective mechanism againat
lipid peroxidation damage to lungs of ozone-exposed rats. Lipids, 7: 518-
524,

Chow, C.K. and Tappel, A.L., (1973) Activities of pentose shunt and glycolytic
enzymes in lungs of ozone—exposed rats. Arch. Environ. Health, 26: 205-208.

Chow, C.K., Dillard, C.J. and Tappel, A.L., {1974) Glutathione peroxidase system
and lysozyme in rats exposed to ozone or nitrogen dicxide. Environ. Res.,
7: 311-319.

Chow, C.K., Plopper, C.G. and Dungworth, D.L., {(1979) Influence of dietary
vitamin E on the lungs of ozone-exposed rats. A correlated biochemical and
histological study. Environ. Res., 20: 309-317.

Chow, C.K., Plopper, C.G., Chiu, M. and Dungworth, D.L., (1981} Dietary vitamin
E and pulmonary biochemical and morphological alterations of rats exposed
to 0.1 ppm ozone. Environ. Res., 24: 315-324.

Cortesi, R. and Privett, 0.5., (1972) Toxicity of fatty ozonldes and peroxides.
Lipids, 7: 715-721.

Cranfield, L.M., Gollan, J.L., White, A.G. and Dormandy, T.L., (1979) Serum
antioxidant activity in normal and abnormal subjects. Ann. Clin. Biochem.,
16: 299-306.

Criegee, R., (1957} The course of ozonizatlon of unsaturated compounds. Rec.
Chem. Prog., 18: 111-120.

De Lucia, A.J., Hoque, P.M., Mustafa, M.G. and Cross, C.E., (1972) Ozone inter-
action with rodent lung: Effect on sulfhydryls and sulfhydryl-containing
enzyme activities. J. Lab. Clin. Med., 80: 559-566.

De Lucia, A.J., Mustafa, M.G., Hussain, M.Z. and Cross, C.E., {1973) Ozone
interaction with rodent lung. TIT Oxidation of reduced glutathione and
formation of mixed disulfides between protein and non-protein sulfydryls.
J. Clin. Invest., 53: 794-802.

Diplock, A.T. and Lucy, J.A., {1973) The bicchemical modes of action of vitamin
E and selenium: a hypothesis. FEBS Lett., 29: 205210,

Donovan, D.H., Williams, §.J., Charles, J.M. and Menzel, D.B., (1977) Ozone
toxicity: Effects of dietary vitamin E and polyunsaturated fatty acids.
Toxicol. Lett., 1: 135-139.

Domardy, T.L., (1978) Free-radical oxidation and antioxidants. The Lancet, 1:
647-650.

Dumelin, E.E., Dillard, C.J. and Tappel, A.L., (1%978a) Breath ethane and pentane
as measures of vitamin E protection of Macaca radiata against 90 days of

exposure to ozone. Environ. Res., 15: 38-43,

52




Dimelin, E.E., Dillard, C.J. and Tappel, A.L., (1978b) Effect of vitamin E and
ozone on pentane and ethane expired by rats. Arch. Environ. Health, 33:
129-135.

Emerson, 0.H., Emerson, G.A., Mohammad, A. and Evans, H.M., (1937) The chemistry
of vitamin E. Tocopherols from various sources. J. Biol. Chem., 122: 99-
1607.

Fessenden, R.W. and Verma, N.C., (1978) A time-resolved electron spin rescnance
study of the oxidation of ascorbic acid by hydroxyl radical. Biaphys. J.,
24: 93-101.

Fletcher, B.L. and Tappel, A.L., {197]) Protective effects of dietary a-tocophe-
rol in rats exposed to toxic levels of ozone and nitrogen dioxide. Environ.
Res., 6: 165-175.

Floh€, L., (1982) Glutathione peroxidase brought into focus. In: Free radicals
in biology V. Pryor, W.A. (ed.) Academic Press New York, pp 223-254.

Foote, C.S., Clough, R.L. and Yee, B.G., (1978) Photooxidation of tocopherols.
In: Tocopherol, Oxygen and Biomembranes. Duve, C. de and Hayaishi, O.
(eds.}, Elsevier North Holland, pp 13-21.

Forni, L.G. and Willson, R.L., (1983) Vitamin C and consecutive hydrogen atom
amd electron transfer reactions in free radical protection: a novel cata—
lytic role for glutathione. In: Protective agents in cancer. McBrien,
D.C.H. and Slater, T.F. (eds.) Academic Press London, pp 159-172.

Frankel, E.N., HNeff, W.E., Rohwedder, W.K., Khambay, R.P.S., Garwood, R.F. and
Weedon, B.C.L., (19772) Analysis of autoxidized fats by gas chramatography-
mass spectrometry: I. Methyl oleate. Lipids, 12: $01-907.

Frankel, E.N., Neff, W.E., Rohwedder, W.K., Khambay, B.P.S., Garwood, R.F. and
Weedon, B.C.L., (1977b) Analysis of autoxidized fats by gas chromatography-
mass spectrometry: II: Methyl linoleate. Lipids, 12: 908-913.

Freeman, B.A., Sharman, M.C. and Mudd, J.B., (1979) Reaction of ozone with
phospholipid vesicles and human erythrocyte ghosts. Arch. Biochem. Bio-
phys., 197: 264-272.

Fukuzawa, K. and Gebicki, J.M., (1983) Oxidation of o-tocopherol in micelles and
liposomes by the hydroxyl, perhydroxyl and superoxide free radicals. Arch.
Biochem. Biophys., 226: 242-251.

Gardner, H.W., Kleiman, R. and Weisleder, D., (1974) Homolytic decamposition of
linoleic acid hydroperoxide: Identification of fatty acid products. Lipids,
9: 696-706.

Goldsteln, B.D., Pearson, B., Lodi, C, Buckley, R.D. and Balchum, 0.J. {1968a})
The effect of ozone on mouse bleod in vive. Arch. Environ. Health, 16: 648-
650.

53




Goldstein, B.D., Balchum, 0.J., Demopoulos, H.B. and Duke, P.5., (1968b)
Electron paramagnetic resonance spectroscopy. Free radical signals with
ozonization of linoleic acid. Arch. Environ. Health, 17: 46—49.

Grams, G.W. and Eskins, K., (1972) Dye-sensitized photooxidation of tocopherols.
Correlation between singlet oxygen reactivity and vitamin E activity.
Biochem., 11: 606-608.

Grossman, A. and Wendel, A., (1983) Non—reactivity of the selencenzyme gluta-
thione peroxidase with enzymatically hydroperoxidized phospholipids. Eur.
J. Biochem., 135: 549-552.

Gutteridge, JM.C., (1978) The membrane effects of vitamin E, cholestercl and
thelr acetates on peroxidative susceptibility. Res. Comm. Chem. Pathol.
Pharmacol., 22: 563-572.

Gutteridge, J.M.C., Rowley, D.A. and Halliwell, B., {1981} Superoxide—dependent
formation of hydroxyl radicals in the presence of iron salts. Biochem. J.,
199: 263-265.

Haber, F. and Weiss, J., (1934) The catalytic decomposition of hydrogen peroxide
by iron salts. J. Proc. Roy. Soc., Al47, 332-351,

Hill, K.E. and Burk, R.F., (1984) Influence of vitamin E and selenium on
glutathione—dependent protection against microsomal 1ipid peroxidation.
Biochem. Pharmacol., 33: 1065-1068.

Hoey, BM. and Butler, J., (1984) The repair of oxidized amino acids by anti-
oxidants. Biochim. Biophys. Acta, 791: 212-218.

Holman, R.T., (1954) Autoxidation of fats amd related substances. In: Progress
in the chemistry of fats and other lipids. Vol. Z. Holman, R.T., Lundberg,
W.0. and Malkin, T. (eds.) Pergamon Press London, pp 51-98.

Hornsby, P.J. and Crivello, J.F., (1983) The role of lipld peroxidation and
biological antioxidants in the function of the adremal cortex. Part 1: a
background review. Molec. Cell. Endocrin., 30: 1-20.

Huygen, C. and Lanting, R.W., {1975) On the Saltzman factor. Atmosph. Environ.,
9: 1027-1029.

Ito, A., Hayashi, S. and Yoshida, T., (198l) Participation of a cytochrome bg—
like hemoproteln of outer mitochondrial membrane (OM cytochrome bS) in
NADH-semidehydroascorbic acid reductase activity of rat liver. Biochem.
Biophys. Res. Commun., 101: 591-598.

Kellog, E.W. and Fridovich, I., (1975) Superoxide, hydrogen peroxide and singlet
oxygen In lipid peroxidation by xanthine oxidase system. J. Blol. Chem.,
250: 8812-8817.

Koppenol, W.H., (1976) Reactions involving singlet oxygen and the superoxide
anion. Nature, 262: 420-421.

54




Kratzing, C.C. and Willis, R.J., (1980) Decreased levels of ascorbic acid in
lung following exposure to ozome. Chem. Biol. Interact., 30; 53-56.

Laroff, G.P., Fessenden, R.W. and Schuler, R.H., {(1972) The electron spin
resenance spectra of radical intermediates in the oxidation of ascorbic
acid and related substances. J. Am. Chem. Soec., 94: 9062-9073.

Lawrence, R.A., Parkhill, L.K. and Burk, R.F., (1978) Hepatic cytosoclie non-
selenium—dependent glutathione peroxidase activity: Its nature and the
effect of selenium deficiency. J. Nutr., 108: 981-987.

Leung, H.W., Vang, M.J. and Mavis, R.D., (1981) The cooperative interaction
between vitamin E and vitamin € in suppressicon of percxidation of membrane
phospholipids. Biochim. Biaphys. Acta, 664: 266-272.

Little, C., Olinescu, R., Reid, K.G. and O'Brien, P.J., {1970) Properties and
regulation of glutathione peroxidase. J. Biol. Chem., 245: 3632-3636.
Logani, M.K. and Davies, R.E., (1980) Lipid oxidation: Biologic effects and

antioxidants - A review. Lipids, 15: 485-495.

Lucy, J.A. and Dingle, J.T., (1964) Fat-soluble vitamins and biological mem-
branes. Nature, 204:156-160.

Lucy, JA., (1972) Functional and structural aspects of biological membranes, a
suggested structural role for vitamin E in the control of membrane per-
meability and stability. Ann. N.Y. Acad. Sci., 203: 4-11.

Matsushita, 5., Terao, J. and Yamauchi, R., (1978} Photosensitized oxidation of
unsaturated fatty acid esters and the gquenching effects of tocopherols om
singlet oxygen. In: Tocopherol, Oxygen and Biomembranes. Duve, C. de and
Hayaishi, 0. (eds.) Elsevier North Holland, pp 23-29.

Matzen, R.N., (1957} Effect of vitamin C and hydrocortisone on the pulmonary
edema produced by ozone in mice. J. Appl. Physicl., 11: 105-109.

McCay, P.B., Gibson, D.D., Fong, K.L. and Hornbrook K.R., (1976) Effect of
glutathione peroxidase activity on lipid peroxidation in biologilcal mem—
branes. Biochim. Biophys. Acta, 431: 459-468.

McCay, P.B., Fong, K.L., Lai, E.K. and King, M.M., (1978) Possible role of
vitamin E as a free radical scavenger and singlet oxygen quencher in biole—
gical systems which initiate radical-mediated reactions. In: Tocopherol,
Oxygen and Biomembranes. Duve, C. de and Hayaishi, 0. (eds.) Elsevier North
Holland, pp 23-39.

MeCay, P.B. and King, M.M., (1980) vVitamin E: Tts role as a bialogie free
radical scavenger and its relationship to the microsomal mixed-functien
oxidase system. In: Basic and clinical nutrition, vol. I. Vitamin E. A

comprehensive treatise. Machlin, L.J. {ed.) New York, pp 289-317.

55




McCay, P.B., Gibson, D.D. and Hornbrook, K.R., (1981) Glutathlone-dependent
inhibition of 1ipid peroxidation by a soluble, heat-labile factor not
glutathione peroxidase. Fed. Proc., 40: 199-205.

McCay, P.B., (1985} Vitamin E: Interactiens with free radicals and ascorbate.
Ann, Rev. Nutr., 5: 323-340,

Mead, J.F., (1976) Free radical mechanisms of 1lipid damage and consequences for
cellular membranes. In: Free radicals In Biology, I. Pryor, W.A. (ed.)
Academic Press New York, pp 51-68.

Mead, J.F., (1980) Membrane lipid peroxidation and its prevention. J. Am. 0il
Chem. Soc., 57: 393-397.

Menzel, D.B., (1970) Toxicity of ozone, oxygen and radiation. Amn. Rev.
Pharmacol., 10: 379-394,

Menzel, D&B., (1971) Oxidation of bGlologically active reducing substances by
ozone. Arch. Environ. Health, 23: 149-153.

Menzel, D.B., Slaughter, R.J., Bryant, AM. and Jauregui, H.0., (1975a) Preven-
tion of ozonide-induced Heinz bodies in tuman erythrocytes by vitamin E.
Arch, Environ. Health, 30: 234-236.

Menzel, D.B., Slaughter, R.J., Bryant, AM. and Jauregui, H.Q., (1975b) Heinz
bodies formed in erythrocytes by fatty acid ozonides and ozone. Arch.
Environ. Health, 30: 296-301,

Menzel, DB., {1979) Nutritional needs in envirommental intoxication: vitamin E
and air pollution, an example, Environ. Health Persp., 29: 105-113.

Menzel, D.B., (1984) Ozone, an overview of its toxicity in man and animals. J.
Toxtcol. Environ. Health, 13: 183-204,

Morrow, P.E., (1984) Toxicclogical data on NO,: an overview. J. Toxicol.
Environ. Health, 13: 205-227.

Mountain, J.T., (1963) Detecting hypersusceptibility to toxic substances. Arch.
Environ. Health, 6: 357-365.

Mudd, J.B., Leavitt, R.,, Ongun, A. and McManus, T.T., (1969) Reaction of oczcone
with amine acids and proteins. Atmosph. Environ., 3: 669-682.

Mudd, J.B. and Freeman, B.A., {1977) Reaction of ozone with biological mem-
branes. In: Biochemical effects of Environmental pollutants. Lee, SD. (ed.)
Ann Arbor, Mich., Ann Arbor Science, pp 97-133.

Mustafa, M.G. and Tierney, D.F., (1978) Biochemical and metabolic changes in the
lung with oxygen, ozone and nitrogen dioxide toxicity. Am. Rev. Resp. Dis.,
118: 1061-1090.

Nanni, E.J., Stallings, M.D. and Sawyer, D.T., (1980) Does superoxide ion oxi-
dize catechol, a-tocopherol and ascorbic aclid by direct electron transfer?
J. Am. Chem. Soc., 102: 4481-4485,

56




Nishikimi, M., (1975} Oxidation of ascorbic acid with superoxide anion generated
by the xanthine—xanthine cxidase system. Biochem. Biophys. Res, Commun.,
63: 463-468.

Ozawa, T., Hanaki, A, Matsumoto, S. and Matsuo, M., (1978) Flectron spin
resonance studies of radicals obtained by the reaction of o —tocopherol and
its model compounds with supercxide ion. Biochim. Biophys. Acta, 531: 72-
78.

Packer, J.E., Slater, T.F. and Willson, R.L., (1979} Direct observation of a
free radical interaction between vitamin E and vitamin C. Nature, 278: 737-
738.

Pagnotto, L.D. and Epstein, S5.5., (1969) Protection by antioxidants against
ozone toxicity in mice. Experientia, 25: 703

Pryor, W.A., (1976) The role of free radical reactions in hiological systems.
In: Free radicals in biology I. Pryor, W.A. (ed.}), Academic Press, New
York, pp 1-49.

Pryor, W.A., Stanley, J.P., Blair, E. and Cullen, G.B., (1976) Autoxidation of
polyunsaturated fatty acids I. Effect of ozone on the autoxidation of neat
methyl linoleate and methyl linolenate. Arch. Environ. Health, 36: 201-210.

Pryor, W.A and Lightsey, J.W., (1981) Mechanisms of nitrogen dioxide reactions:
Initiation of lipld peroxidation and the production of nitrous acid.
Science, 214: 435-437,

Pryor, W.A., Prier, D.G. and Church, D.F., (1981) Radical production from the
interaction of ozone and PUFA as demonstrated by electron spin resonance
spin—trapping techniques. Environ. Res., 24: 42-52.

Pryor, W.A., Lightsey, J.W. and Church, D.F., {1982) Reaction of nitrogen
dioxide with alkenes and polyunsaturated fatty acids: addition and hydrogen
abstraction mechanisms. J. Am. Chem. Soc., 104: 6685-6692.

Pryor, Wa., Dooley, M.M. and Church, DJF., (1983) Mechanisms for the reaction
of ozone with biological molecules: the source of the toxlc effects of
ozone., In: International Symposium on the Biomedical effects of ozone and
related photochemical oxidaats. Lee, SD., Mustafa, M.G. and Mehlman, M.E.
(eds.) Princeton Scientific Publishers Inc., Princeton, pp 7-19.

Roehm, J.N., Hadley, J.G. and Menzel, D.B., (197la) Antioxidants vs ILung
disease. Arch. Int. Med., 128: 88-93.

Roehm, J.N., Hadley, J.G. and Menzel, M.B., (1971b) Oxidatfon of unsaturated
fatty acids by ozone and nitrogen dioxide, a common mechanism of toxic
action. Arch. Environ. Health, 23: 142-148.

Sachsenmaier, W., Siebs, W. and Tan, T.A., (1965) Wirkung vom QOzon auf
Miuseascitestumorzellen und auf Huhnerfibroblasten in der Gewebekultur.

Zeitschrift fur Krebsforschung, 67: 113-126.
57




Sagat, M., Ichinose, T., Oda, H. and Kubota, K., (1981) Studies on biochemical
effects of nitrogen dioxide. I. Lipid peroxidation as measured by ethane
exhalation of rats exposed to nitrogen dioxide. Lipids, 16: 64-67.

Sagai, M., Ichinose, T., Oda, H. and Kubota, K., (1982) Studles on hiachemical
ef fects of nitrogen dioxide. II. Changes of the protective systems in rat
lungs and of lipid peroxidation by acute exposure. J. Tox. Enviren. Health,
9: 153-164.

Shimasaki, H. and Privett, 0.8., {1975} Studies on the role of vitamin E in the
oxidation of blood components by fatty hydroperoxides. Arch. Biochen.
Biophys., 169: 506-512.

Singh, A., (1982) Chemical and biologlcal aspects of superoxide radicals and
related species of activated oxygen. Can. J. Physiol. Pharmacol., 60: 1330-
1345.

Slater, TJF., (1979). Mechanisms of protection against the damage produced in
biological systems by oxygen-derived radicals. In: Oxygen free radicals and
tissue damage. Ciba Foundation Symposium 65 (new series) Excerpta Medica
Amsterdam, pp l43-159.

Srisankar, EN. and Patterson, LK., (1979) Reactions of ozone with fatty acid
monolayers. A model system for disruption of lipid molecular assemblies by
ozone. Arch. Environ. Health, 34: 346-349,

Stokinger, H.E., (1965) Ozone toxicology. A review of research and industrial
experience: 1954-1964. Arch. Environ. Health, 10: 719-731.

Swartz, H.M. and Dodd, N.J.F., (1981) The role of ascorbic acid on radical
reactions in vivo. In: Oxygen and oxy-radicals in chemistry amnd biology.
Rodgers, M.A.J. and Powers, E.L. (eds.) Academic Press, New York, pp 161-
168.

Tajima, K., Sakamoto, M., Okada, K., Mukai, K., Tshizu, K., Sakurai, H. and
Mori, H., (1983) Reaction of biological phenolic antioxidants with super—
oxide generated by cytochrome P—450 model system. Biochem. Biophys. Res.
Commun., 115: 1002-1008.

Tappel, AlL., and Dillard, CJ., (1981) In vivo lipid peroxidation: measurement
via exhaled pentane and protection by vitamin E. Fed. Proec., 40: 174-178.

Teige, B., McManus, T.T. and Mudd, J.B., (1974) Reaction of ozone with phos-
phatidyl choline liposomes and the lytic effects of products on red blood
cells. Chem. Phys. Lipids, 12: 153-171.

Thomas, H.V., Mueller, P.K. and Lyman, R.L., (1968) Lipoperoxidation of lung
lipids in rats exposed to nitrogen dioxide. Science, 159: 532-534.

Urano, S. and Matsua, M., (1976) A radical scavengling reaction of a-tocopherol
with methyl radical. Lipids, 11: 330-333.

58




—*

Ursini, F., Maiorino, M., Valente, M., Ferri, L. and Gregolin, G, (1982)
Purification from pig liver of a protein which protects liposomes and
biomembranes from peroxidative degradation and exhibits glutathione peroxi-
dase activity on phosphatidylcholine hydroperoxides. Biochim. Biophys.
Acta, 710: 197-211.

Verwey, H., Christianse, K. and van Steveninck, J., (1982} Qzone-induced forma-
tion of o,0'-dityrosine cross-links in proteins. Biochim. Biocphys. Acta,
701: 180-184.

Wenzel, D.G. and Morgan, D.L., (1982) Role of in vitro factors in ozome toxicity
for cultured rat lung fibroblasts. Drug. Chem. Toxicol., 5: 201-217.

Wenzel, D.G. and Mergan, D.L., (1983) Io vitro Iinhibition of alveolar macrophage

phagocytosis by ozone: absence of a role for gerum or mode of ozone admini-
stration. Toxicol. Letters, 18: 57-6l.

Winterbourn, C.C., (1981) Hydroxyl radical production in body fluids. Roles of
metal lons, ascorbate and superoxide. Biochem. J., 198: 125-13L

Winterbourn, C.C., (1982) Superoxide-dependent formation of hydroxyl radicals in
the presence of iron sgalts in a feasible source of hydroxyl radicals in
vivo. Biochem. J., 205: 461~463,

Witting, L.A., (1970) The interrelationship of polyunsaturated fatty acids and

antioxidants in vivo. Progress Chem. Fats Lipids, 9: 319-553.

589




CHAPTER 3

IN VITRO MODEL SYSTEMS FOR STUDYING THE TOXICITY
OF GASEOQOUS COMPOUNDS

The selection of a model system for in vitro studies includes the
choice of i) an appropriate exposure model and ii) appropriate cell
types that can be used.

In this chapter these two aspects of in vitro toxicity studies are
discussed in more detail and the in vitro system used throughout this
thesis is described.

3.1. Description of the methods available for in vitro exposure to

gaseous compounds

Several in vitro model systems for exposure of cells to gaseous com-—
pounds have been described in the literature. Generally they can be
divided into four categories, depending on the way in which the
gaseous compound and the culture medium reach the cells. These cate-
gories include 1) dry air exposure models, 2) liquid mediated exposure
models, 3) liquid diffusion mediated exposure models and 4) gas
diffusion mediated exposure models. Figure 1 gives a schematic re—
presentation of all four categories, who are discussed in more detail

on the next pages.

Dry air exposure models

Dry air exposure models include all systems in which cells are alter—
natively exposed to the gaseous atmosphere or the culture medium.
This can be achieved by culturing a monolayer of cells in a culture
flask or dish and exposing them alternatively to the culture medium or
the gaseous atmosphere by Inverting or rotating the flask or by
turning the culture dishes (Figure 1). The influx of gas into the
system can be either i) once, e.g. only before exposure, closing the

flask or the chamber into which the culture dishes are placed after
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a b/c. d.

or

cell suspension
b. c.

culture medium

celiulose -acetate membrane

——teflon membrane

Figure 1. Schematic representation of:
1) dry air exposure models a) inverted culture flasks
b) dishes on rotating platfoms
¢} dishes on rocker platforms
d) roller hottles
2} liquid mediated exposure models a) cell cultures overlaid with
medium
b) gas bubbling
c) hanging drop
3) liquid diffuston mediated exposure models
4) pas diffusion mediated exposure models

—= represents 03/ RO,
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addition of the gas, or il) continuously, using specially designed
roller caps for culture flasks or specially designed exposure
chambers.

Examples of dry air exposure systems described in the literature are
culture flasks which are alternatively inverted (Pace et al., 1961;
Pace et al., 1969), roller bottle cultures (Baker and Tumasonis, 1971;
Bolton et al., 1982) and culture dishes on rocker platforms
(Rasmussen, 1986) or on rotating platforms (Valentine, 1985).

An advantage of these systems is that the ozone and nitrogen dioxide
concentrations applied can be expressed in ppm's and thus compared to
concentrations known to induce toxic effects in vivo. Reports in the
literature have described toxic effects of ozone and nitrogen dioxide
in thesge dry air exposure models at concentratlons of 0.2 - 6 ppm
ozone or 5 ppm nitrogen dioxide which is in the same order of
magnitude as the concentrations known to cause toxic effects in vivo
(Pace et al., 1961; Pace et al., 1969; Valentine, 1985; Rasmussen,
1986).

A disadvantage of these systems is that the impact of drying of the
cells is difficult to contrel, resulting in a risk for drying of the
cells. Another drawback is that the continuous movement of medium over
the cell layer may dislodge some cells, particularly the damaged ones,

a phenomenon that may influence the results.

Liquid mediated exposure models

The liquid mediated exposure of cell cultures to gaseous compounds
relies on the solution of the gases into the medium overlaying or
surrounding the cells. Examples of liquid mediated exposure models are
the exposure of cell cultures overlaid with medium, the model in which
a cell suspension is exposed by means of gas bubbling and the model in
which a cell suspension is exposed to a gaseous atmosphere as a drop
hanging in a specially designed exposure chamber (Pace et al., 1961;
Goldstein and Balchum, 1967; Pace et al.,, 1969; Weissbecker et al.,
1969; Goldstein et al., 1977; Sweet et al., 1980; Hagar et al., 1981;
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Sone et al., 1983; Koninpgs, 1986).

The advantage of some of these systems is that cells are exposed under
optimal conditions for cell growth. This advantage does not completely
hold for the exposure by means of gas bubbling as there is a risk for
mechanical damage to the cells during exposure in this model system.
A disadvantage of all these systems is that they do not seem to be
representative for the in vivo situation because there i1s a thick
liquid phase between the cells and the gaseous atmosphere. In
addition, it is almost impossible to assess the concentration of the
oxidative gases in the medium near the cell surface and therefore
concentrations used to specify exposure conditions are the
concentrations present in the gaseous atmosphere from which the gases
dissolve into the 1liquid phase. In general relatively high
concentrations of the oxidative gases are necessary to induce
cytotoxic effects because of i) the relatively low solubility of the
oxidative gaseous compounds into the liquid phase and because of i)
the reaction of the gas with medium components. Concentrations
reported to induce cytotoxic effects in these liquid mediated model
gystems amount to 10-25 ppm ozone or 200-8600 ppm nitrogen dioxide
(Pace et al., 1961; Weissbecker et al., 1969; Konings, 1986).

For all these reasons we agree with Rasmussen (1984) who concluded
that “systems that rely on solution of the gases In the overlaying
medium . . . . . may not be suitable for studying effects of the
poorly soluble oxidant gases”.

Liquid diffusion mediated exposure models

In these model systems cells are cultured on special cellulose acetate
filters. The cells are directly and continuously exposed to the
gaseous atmosphere and nourished and protected from drying during the
exposure by diffusion or perfusion of the culture medium through the
filter {Figure 1) (Voisin et al., 1977; Samuelsen et al., 1978;
Rasmussen and Crocker, 1981).
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An advantage of these systems 1s that - in analogy to the dry air
exposure models - ozone and nitrogen dioxide concentrations to which
the cells are exposed can be expressed in ppm's and be compared to
concentrations known to induce toxic effects in vive.

In general cytotoxic effects in these exposure systems have been
described at concentrations amounting to 0.05 - 3.3 ppm ozone or to
0.12 - 1 ppm nitrogen dioxide (Samuelsen et al., 1978; Voisin et al.,
1981; Rasmussen and Crocker, 1981). From these data it is evident that
cells exposed in these liquid diffusion mediated models are sensitive
to extremely low concentrations of the oxidative gaseous compounds.
This suggests that cells grown on cellulose acetate membranes may not
be under optimal culture conditions. This is strengthened by the
observation that control cells grown on cellulose acetate membranes
survive for only 3 to 4 days (Voisin et al., 1981) and by the fact
that Samuelsen et al. (1978) mentioned a small but evident loss of
colony forming ability of cells grown on cellulose acetate fllters
after exposure for 8 hours to control i.e. clean air, conditioms.
These probably sub—optimal conditions for cell growth for cells grown
and exposed on celluleose acetate filters can be a drawback when the
system has to be used for mechanistic studies as described in this
thesis.

Gas diffusion mediated exposure models

In the gas diffusion mediated exposure model described by Alink et al.
(1979 and used for the experiments described in this thesis, exposure
is achieved by means of gas diffusion through a gas permeable plastic
film on which the cells are grown {(Figure 1).

Advantages of this system are that cells are kept under normal culture
conditions during the exposure, and that the morphology of the cells
can be studied light microscopically.

Another argument in favour of this in vitro exposure model can be found
in the fact that ozone appeared to be about 10 times more toxic than
nitrogen dioxide in this system (Riet jens et al., 1986, chapter 4,
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this thesis). This is a difference comparable with the one reported
for in vivo studies in which ozone is demonstrated to be about 10 to
25 times more toxic than nitrogen dioxide. Other in vitro studies,
however, reported ozone to be more toxic than nitrogen dioxide by a
factor ranging from 1 (Voisin et al., 1980; Voisin et al., 1981) to
about 3000 (Weissbecker et al., 1969} probably depending on the in
vitro exposure model used.

For studies on the mechanisms of toxic action and cellular defense —
as described in this thesis — the advantages of this system compensate
for the drawback that exposure levels can not be expressed in ppm, but
have to be given as an amount of ozone or nitrogen dioxide that
diffuses through the plastic film into the dish. In the next section
however, where the exposure model is described in more detail, an
attempt is made to compare exposure conditions in this model system,
expressed in nmol of ozone or nitrogen dioxide that diffuses into the
culture dishes, to ppm exposure levels for in vivo experiments.
Finally, Table 1 summarizes the main characteristics of all exposure
models described.

From these data it can be seen that the pas diffusion mediated ex—
posure model developed at our laboratory and used for the experiments
described in this thesis, is perfectly suitable for experiments on the
mechanisms of toxic action of and cellular defense against ozone and
nitrogen dioxide. Especially because the cells can be kept at optimal
conditions for cell growth before and during exposure.

3.2. The in vitro exposure gystem used for the experiments in this
thesis

Throughout this study cells were exposed to ozone and nitrogen dioxide
in vitro, using the membrane mediated exposure model described by
Alink et al. (1979). Cells were cultured on plastic film dishes
(Petriperm, Heraeus, Hanau, West Germany) and exposed in the presence
of culture medium or a balanced salt solution, by means of gas diffu-

sion through the thin teflon film.
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Before exposure the film dishes were closed in such a way that no
ozone or nitrogen dioxide entered the dish except by diffusion through
the teflon film. For gas exposure the dishes were placed in a holder
in the centre of a 36 1 perspex fumigation box, equipped with an
electric fan to achleve an even distribution of the gas mixture

(Figure 2).

Figure 2. The fumigation box.

During exposure the inlet gas mixture contained 85% Nt 10% 0, and 5%
CO; (all from gas cylinder supplies) (HoekLoos, Schiedam, The
Netherlands) and an experimental amount of either ozone or nitrogen
dioxide. Ozone was generated from O, by a high voltage electric
discharge ozone generator (Fisher, Model 501, Meckenheim, West
Germany). Nitrogen dioxide was from a cylinder containing 0.9%
nitrogen dioxide in nitrogen (Matheson, OQevel, Belgium). The flow of
all gas streams could be adjusted separately. The total flow of the
gas mixture entering the fumigation box was 2.1 liter/minute for ozone
exposures and 1.0 liter/minute for exposures to nitrogen dioxide.

Figure 3 shows a schematic presentation of the experimental set up.
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Figure 3. Exposure scheme,

Based on the flow rate of the gas mixture entering the fumigation box
and the volume of this box, concentration profiles during the

exposures can be calculated from the equation:

with: t = time in minutes

(2]
]

N concentration of the gas (ozone or nitrogen dioxide) after
t minutes
Cip = concentration of ozone or nitrogen dioxide in the inlet
gas mixture
T = time (in minutes) the gas mixture rewmains in the fumiga-
tion box
volume of the box (liters)

flow rate of the gas mixture (liter/min)
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Exposures were usually carried out for two hours. Then clean air was
blown through the fumigation box with a rotor pump (Charles Austen
pumps LID., Weybridge,Surrey, England) (flow = 14.7 liter/min), for
about 30 minutes, resulting in a concentration decrease that can be
described by the equation:

-t /1
Cr=Co.8 ' 2

with: t' = time during which clean air 13 blown through the box

Cr = the concentration of the gas {ozone or nitrogen dioxide)
after t' minutes

C, = concentration of ozone or nitrogen dioxide at the end of
the exposure

T' = time (in minutes) the clean air mixture remains in the box
_ volume of the box (liters)

flow rate of the clean air (liter/min)

% of Cin, |
100

4

0 —
0 30 60 90 120 150
t (min)

Figure 4. Concentration profiles of ozone (-0-) amd nitropen dioxide (-e-) in

the fumigation box, measured in the air leaving the box, and given as
percentage of C; which represents the concentration of the oxidative
compound In the inlet gas mixture.

The solid curves represent concentration profiles calculated from the
equations given in the text, with a flow of 2.1 liter/minute for ozone
and of 1.0 liter/minute for nitrogen dioxide exposure.

At (4) clean air is blown through the fumfigation bhox with a flow of
14.7 liter/minute.
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Figure 4 shows the concentration profiles as a function of exposure
time for both ozone amd nitrogen dioxide exposures as calculated from
equations 1 and 2 (solid curves).

Meagurement of the oxidant concentrations in the air leaving the
fumigation box confirmed these calculated concentration profiles
(Figure 4).

The amount of ozone or nitrogen dioxide that can reach the cells on
the teflon film of the petriperm dish, is determined by the amount of
the pas that diffuses through the teflon film into the dish.

This gas diffusion through a polymeric teflon membrane can be
quantitatively described by Fick's law (Stannett, 1968; Karel, 1975):

with: ¢ = diffusion rate of the gas in mol/sec
A = area through which diffusion takes place iIn cm?
D = diffusion ct;»efficient of the gas in the membrane in cmzl sec
A = concentration difference over the membrane in mol/cm/sec

Ax = thickness of the membrane in cm.

The diffusion coefficient (D) 1is known to be dependent omn the
following parameters (Stannett, 1968):

= temperature

— characteristics of the polymer

= characteristics of the gas i.e.
- molecular diameter of the gas
— polarity of the gas molecule.
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These parameters and thus the diffusion coefficient, as well as the
surface area and thickness of the teflon film and the temperature, are
the same for all exposures to a specific gaseous compound. Therefore
the amount of ozome or nitrogen dioxide that diffuses through the
teflon film into the dish and thus the actual amount to which the
cells can be exposed, will increase in a linear way with increasing
concentrations of the gas in the fumigation box. This was demonstrated
to be true for both ozone and nitrogen dioxide exposures In our in

vitro system (Figure 5).

nmol O3/dish/2 5h 4 nmot NO,/dish/2.5h

20- / 100
-—D—-/
10+ B 504 /{,,.

Lo

0 T 0 1 T T
0 50 100mg0y/m3 0 00 200 300 mgNO/m?

T T T

T 1 I T I 1
0 10 20 30 40 50 ppm0; 0 50 100 150 ppmNO;

Figure 5. Relation between the concentration of ozone {a) or nitrogen dioxide
(b) in the inlet gas mixture and the amount of gas which diffuses into

the petriperm dishes.

From the data presented in Figure 5 it can also be concluded that the
doses to which cells are exposed in this in vitro system have to be
expressed in nmol orpg 03 or N02/ dish, although the concentrations in
the fumigation box itself are given in wmol or u g/m> or in ppm, which

is the unit usually applied for ozone or nitrogen dioxide
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concentrations encountered in the environment. However, the doses
applied in our in vitro system expressed inpg or nmol/dish may be
compared tc the amounts of ozone or nitrogen dioxide that reach the
pulmonary tissue during realistic in vivo exposures.

Using the model for pulmonary deposition of ozone, presented by Miller
et al. (1978) this pulmonary deposition at several experimental ozone
concentrations can be calculated. The model predicts that at a
tracheal ozone concentration of for instance 200-1000 ug/m3 {0.1 - 0.5
ppm}, pulmonary deposition amounts to (0.2 - 2.0) x 10_5;_{ g 03/cm?'/
breath. From this it can be caleulated that with 10-20 breaths per
minute, the ozone dose to which lung cells may be exposed during 2.5 h
211 g 03/cm?/2.5 h. For a
petriperm dish with a teflon growth area of 18 cmz, this would result
in an ozone dose of about 0.05 - l.lpg 03/dish/2.5 h (= 1-23 nmol
0g/dish/2.5 h), which is the range applied in our in vitro system.

would vary between about (0.3 - 6.0) x 10~

3.3. Cell cultures applied for in vitro studies on oxidative gaseous
compounds

In vitro studies may have several advantages for studying toxic
effects as compared to studies in vivo. Of interest for the
experiments described in this thesis is that homogeneous cell
populations can be studied instead of the cellular very heterogenic
lung with its 40 different cell types.

In vitro effects of oxidative gaseous compounds should preferentially
be studied using cells originating from lung tissue, unless it i1s
proven that other, non-lung cell types show a similar response.

Cell cultures originating from lung tissue may involve established
cell lines, derived from a specific lung cell population, or primary
cultures isolated from freshly prepared lung tissue.

Established lung cell lines commonly used for in vitro studies are the
V79 Chinese hamster lung fibroblast cell line (Samuelsen et al., 1978;
Alink et al., 1979; Rasmussen and Crocker, 1981) and the A549 cell
line (Alink et al., 1980; Sweet et al., 1980; Alink et al., 1982).
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With respect to the primary lung cell cultures, appropriate methods
are available for the isolation of pulmonary alveolar macrophages
{(Myrvik et al., 1971; Mason et al., 1977), type II alveclar pneumo—
cytes (Kikkawa and Yoneda, 1974; Kikkawa et al., 1975; Mason et al.,
1977; Greenleaf et al., 1979; Dobbs et al., 1980) and bronchiolar
epithelial Clara cells (Devereux and Fouts, 1980). Up to now, no
methods are avalilable for the isolation of alveclar type I pneumncytes
or ciliated bronchiolar epithelial cells, which are the lung cells
mostly affected during in vivo exposure to oxidative gaseous
compounds .

On  the next pages the main characteristics of the lung cell 1lines and
primary cultures commonly used for in vitro studies with oxidative

gaseous compounds are described.

V79 cell line

V7% cells, originating from Chinese hamster lung fibroblasts, have
generally been used to investigate whether a cytotoxic effect could be
achieved 1in a newly developed exposure model. Rasmussen and Crocker
(1981), Samuelsen et al. (1978) and Alink et al. (1979) all demon—
strated a decreased survival of these cells and a decrease In their
colony-forming ability after exposure of the cells in a newly
developed ard described exposure system.

A549 cell line

The A549 cell 1line is derived from a human type II alveolar cell
carcinoma (Lieber et al., 1976). After exposure of these cells to
ozone, inhibition of cell growth, a decrease in plating efficiency and
a decrease in viability of the cells have been described (Sweet et
al., 1980; Alink et al., 1982). Alink et al. (1980; 1982) and Sweet et
al., (1980) also described morphological degenerative changes of these
cells after ozome exposure. These included loss of microvilli, surface
blebs and vacuole formation.

In addition it was reported that incubation of the A549 cells with
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vitamin E provided protection against cytotoxic concentrations of
ozone (Alink et al., 1982).

These results indicate that in vitro exposure of cell line cultures
provides a model system for the study on mechanisms of toxic action

and cellular defense in cells exposed to oxidative gaseous compounds.

Alveolar macrophages

Of all primary lung cell cultures that can be obtained, cultures of
alveolar macrophages are most frequently used for in vitro studies on
the toxicity of ozone amd nitrogen dioxide. This, because they can be
isolated from the lungs of experimental animals in a relatively easy
way. The functional activity of alveolar macrophages can be
represented by their phagocytic and/or bactericidal activity. This
parameter has been shown to be impaired after exposure of the cells to
both ozone or nitrogen dioxide in vitro (Volsin et al., 1981;
Valentine, 1985). The phenomenon is also known to be caused by in vivo
exposure {Coffin et al., 1968; Goldstein et al., 1974).

Type II alveolar pneumocytes

Type II alveolar pneumocytes are the lung cells responsible for the
production of lung surfactant. TIsolated primary cultures of these
cells are still capable of synthesizing surfactant lipids. Haagsman et
al., (1985) demonstrated effects of ozone on the phospholipid
synthesis by isolated type II alveclar pneumocytes. Rietjens et al.
(1985) (chapter 6a, this thesis) and Van Bree et al. (in preparation)
reported a loss of viability of isolated type II alveolar pneumocytes
after in vitro exposure to ozone or nitrogen dicxide. Based on trypan
blue exclusion of cells after in vitro exposure to ozone or
nitrogen dioxide, alveolar type II cells appeared to be about twice as
sensitive towards both oxidative gases as alveolar macrophages
(Rietjens et al., 1985; Van Bree et al., in preparation) (chapter 6a +
b, this thesisg).
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Clara cells

Clara cells are known to obtain relatively high levels of xenoblotic
metabolizing activity (Boyd, 1977; Boyd et al., 1980).

An appropriate method for isolation of these cells has been described
(Devereux and Fouts, 1980), but Rasmussen (1984) concluded in his
review that “the behavior of these cells in culture has not been
reported, a major problem being the maintenance of sterility during
the complicated manipulations involved in the isolation procedure”. As
a consequence, effects of in vitro exposures to ozone or nitrogen
dioxide on these bronchiolar non-ciliated Clara cells have not been
described up to now.

Upon In vivo exposure, variation in the surface characteristics of
thege cells appeared to be a sensitive indicator of ozone damage
(Schwartz et al., 1976; Zitnik et al., 1978), a phenomenon which may
be used as a parameter for in vitro damage to these cells in the

{near) future.

In the present study, 3 of the above mentioned cell types were used:
cells of the A549 cell line and primary cultures of alveolar
macrophages or type IL cells isolated from Wistar rats. When using a
cell line ome should keep in mind that cells of an established cell
line are always dedifferentiated to a certain extent, and may -as a
result— have lost some of the characteristics of the cells from which
they originate. An example of this can be found in the absence of a
detectable amount of glutathione peroxidase activity in cells of the
A549 cell line. However, this fact could be exploited when studies
were carried out on the role of the glutathione peroxidase catalyzed
reaction in the cellular defense against ozone.

The characteristics of primary cultures, on the other hand, will be
closer to those of cells in vivo, but as they were isolated from rats
in the studies presented in this thesis, they have the drawback of not

originating from human tissue.
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TOXICITY OF OZONE AND NITROGEN DIOXIDE TO
ALVEOLAR MACROPHAGES: A COMPARATIVE STUDY
REVEALING DIFFERENCES IN THEIR MECHANISM

OF TOXIC ACTION

I.M.C.M. RIETJENS, M.C.M. POELEN, R.A. HEMPENIUS, M.J.J. GILJBELS and
G.M. ALINK

ABSTRACT

The toxicity of ozone and nitrogen dioxide is generally ascribed to
their oxidative potential. In this study their toxic mechanism of
action was compared using an intact cell model. Rat alveolar macro-
phages were exposed by means of gas diffusion through a teflon film.
In this in vitro system ozone appeared to be 10 times more toxic than
nitrogen dioxide.

0. —-Tocopherol protected equally well against ozone and nitrogen di-
oxide. It was demonstrated that d—-tocopherol provided its protection
by its action as a radical scavenger amd not by its stabilizing struc—
tural membrane effect as i) concentrations of a-tocopherol that al-
ready provided optimal protection against oczone and nitrogen dioxide
did not influence the membrane fluidity of alveolar macrophages and
11) neither one of the structural a-tocopherol analogues tested, 1i.e.
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phytol and the methyl ether of o~tocopherol, could provide a protec—
tion apgainst ozone or nitrogen dioxide comparable to the one provided
by 0O -tocopherol.

From these results 1t was concluded that reactive intermediates,
scavenged by O—tocopherol are important in the mechanism of both ozone
and nitrogen dioxide induced cell damage. However, further results
presented, strongly confirmed that the kind of radicals and/or
reactive intermediates, and thus the toxic reaction mechanism in-
volved, must be different in ozone and nitrogen dioxide induced cell
damage. This was concluded from the observations which showed that 1)
vitamin C provided significantly better protection against nitrogen
dioxide than against an equally toxic dose of ozome, that ii) gluta—
thione-depletion affected the cellular sensitivity towards ozone to a
significantly greater extent than the sensitivity towards nitrogen
dioxide and that i1ii) the scavenging action of O—tocopherol was accom—
panied by a significantly greater reductfon in its cellular level
during nitrogen dioxide exposure than during exposure to ozome.

One of the possibilities compatible with the results presented in this
study might be the involvement of lipid (peroxyl) free radicals formed
in a radical mediated peroxidative pathway, resulting in a substantial
break-down of cellular ¢-tocopherol, in nitrogen dioxide induced cell
damage. While ozone induced cell damage might proceed by lpid

cozonides, scavenged by QO-tocopherol as well.

INTRODUCTION

The toxicity of ozone and nitrogen diloxide is generally ascribed to
their oxidative potential. Many observations support a gimilarity in
their toxic mode of action. Both compounds cause similar morphologic
changes in the lungs of exposed animals, such as degeneration of type
1 alveolar pneumocytes and loss of ciliated epithelium from the wupper
airway (Evans et al., 1976; Ibrahim et al., 1980). Besides, both
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gaseous compounds have comparable effects on ling cytodynamics as they
both cause proliferation of type 2 alveolar pneumocytes and an in-
crease in the number of alveolar macrophages (Goldstein et al., 1974;
Mustafa and Tierney, 1978; Zitnik et al., 1978). In addition, ozone
arnd nitrogen dioxide have a similar effect on biochemical lung para-
meters, i.e. on the activities of antioxidant enzymes {Chow and
Tappel, 1973; Sagai et al., 1982; Mustafa et al., 1984). Oxidation of
cellular thiol groups or amino acids of functional and structural
proteins and/or oxidation of the unsaturated fatty acids in the cell
membrane, offers a likely common mechanism of toxic action. However,
it is still unknown, whether nitrogen dioxide and ozone exert their
toxic action through a common mechanism.

Evidence supporting a dissimilarity in the mechanism of toxic action
of ozone and nitrogen dioxide is provided by Goldstein et al. (1977),
who demonstrated that agglutination of rat alveolar macrophages by the
lectin concanavalin A was influenced by ozone and nitrogen dioxide in
an opposite way.

Further evidence for a dissimilarity arises from studies using pure
fatty acids or aqueous emlsions of fatty acids (Roehm et al., 1971;
Pryor et al., 1976; Srisankar and Patterson, 1979; Pryor et al.,
1982). Nitrogen dioxide induced oxidation of unsaturated fatty acids
in these model systems proceeds by a radical mediated peroxidative
reaction pattern, initiated by either gbstraction of an allylic
hydrogen atom or by addition of the nitrogen dioxide free radical to
the double bond of the fatty acid molecule (Pryor and Lightsey, 1981;
Pryor et al., 1982),

On the other hand, the dominant reaction patihsray in ozone initiated
oxidation of pure fatty acids seems to involve a direct attack of
ozone on the fatty acid double bond, followed by the ionair Criegee
ozonide mechanism (Criegee, 1957; Roehm et al., 1971; Srisankar and
Patterson, 1979). However, when the fatty acids are exposed to ozone
in aqueous emulsion, the oxidation proceeds in part by a radical

mediated peroxidative reaction pattern as well (Roehm et al., 1971;
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Pryor et al., 1976). This indicates that the mechanism(s) occuring in
ozone induced oxidation depend on the mode of fatty acid exposure.
From these observations it clearly follows that the mechanism by which
ozone and nitrogen dioxide actually initiate their oxidative damage to
the unsaturated fatty acid moieties in the cell membrane can only be
studied adequately by using intact cell models. The latter conside—
ration formed the basis for the present work. In this study, the
toxicity of ozone and nitrogen dioxide was compared using an in wvitro
system in which cell cultures (i.e. rat alveolar macrophages) can be
exposed to gaseous compounds by means of gas diffusion through a
teflon film (Alink et al., 1979).

The hypotheses formulated to test possible differences or similarities
in the mode of toxic action of the compounds can be described as
follows. If a certain degree of cell damage caused by ozone and nitro-
gen dioxide is initiated by the same reaction, 1.e. abstraction of an
allylic hydrogen atom, the same reactive intermediates will be in—
volved. Such a similarity in reactive initial products must result in
a comparable protection provided by cellular antioxidant systems. How—
ever, differences in the (initial) toxic reaction pathway, giving rise
to different reactive intermediates, will possibly be reflected in a
dissimilar protection provided by cellular antioxidant systems.

In the present study, the effect of depletion of cellular glutathione
levels on the ozone and nitrogen dioxide sensitivity of alwolar
macrophages was compared, as well as the protection provided against
equally toxic doses of both gaseous compounds by increased cellular
levels of the antioxidant vitamin C and the radical scavenger vitamin
E (o —tocopherol}.

In addition to these experiments the effect of equally toxic doses of
ozone and nitrogen dioxide on the G-tocopherol content of exposed
alveolar macrophages was determined. As g—-tocopherol is known to be
destroyed while acting as an antioxidant in interrupting and termina-
ting the radical mediated peroxidative chain reaction (Fukuzawa et
al., 1982), the data obtained in these experiments will provide infor-
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mation on the possible involvement of this reaction pathway in the
toxic mode of action of ozone or mitrogen dioxide.

Because other reports presented in the literature suggested that the
protective action of d-tocopherol results not only from its radical
scavenging capacity, but also from the strong physico-chemical asso—
clation of its phytyl-side chain with arachidonyl moieties of the
membrane phospholipids (Luey, 19723 Diplock and Lucy, 1973;
Gutteridge, 1978; Mino and Sugita, 1978), an additional objective of
the present study was to Investigate whether the protection provided
by O—tocopherol should be ascribed to its action as a radical sca-
venger or to its structural effect on the cell membrane. For this
purpose, the effect of protective cellular amounts of o—tocopherol on
cell membrane fluldity was determined, as well as the ability of two
structural analogues of d—tocopherol, phytol and the methyl ether of
& —tocopherol (Figure 1), to provide protection against toxic amounts
of ozone or nitrogen dioxide. Results obtained from these experiments
will indicate in which way (dis)similarities in protection against
ozone and nitrogen dioxide by & —tocopherol, or in cellular g—tocophe—

rol content after exposure to these compounds, should be interpreted.

CHy
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Figure 1. o-Tocopherol and its structural analogues tested in this study.
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METHODS

Cell culture

Alveolar macrophages were isolated from the lungs of female Wistar
rats (+ 200 g) as described by Mason et al. (1977) by the lavage of
isolated perfused lungs. Approximately 106 cells were plated onto a
plastic film dish with a 25y m teflon bottom and a growth area of 18
cm? (Petriperm, Heraeus, Hanau, West—Germany).

Alveolar macrophages were cultured in Ham's F10 medium (Flow, Irvine,
Scotland), supplemented with NaHCO4 (1.2 g/1), 10Z newborn calf serum
{Gibeo, Glasgow, Scotland),50 TU/1 of penicillin (Gist-Brocades,
Delft, The Netherlands), and 50 mg/l streptomycin (Specia, Paris,
France) at 37°C in a humid atmosphere containing 5% €0y in air. Cells
were cultured for 3 days in order to attach to and stretch on the
teflon film of the petriperm dish and during these days their cellular
antioxidant level(s) could be modified — if desirable -~ , as described

below.

Gas exposure

Cells were exposed to ozome or nitrogen dioxide by means of gas
diffusion through the teflon membrane of the petriperm dish {Alink et
al., 1979). Before exposure cells were washed and fresh medium without
serum was added to the cells.

Ozone was generated by a high voltage discharge type ozone generator
(Fisher, Model 501, Meckenheim, West Germany). Nitrogen dioxide (0,9%
NO; in N2) was purchased from Matheson (Oevel, Belgium).

The amount of ozone which diffused through the teflon film into the
dish was measured using the indigo disulfonic acid method {Guicherit
et al., 1972). Nitrogen dioxide was measured using the method
described by Huygen (1970) and a nitrite equivalent of nitrogen di-

oxide, l.e. 2 Saltzman factor of 0.67.
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Modification of cellular antioxidant levels

Alveolar macrophages were depleted of glutathiome by treating them
with methionine sulfoximine (MS0) (Sigma, St.Louis, USA)} and diethyl-
maleate (DEM) (Riedel-de Hadn, Hannover, West Germany) as follows;
alveolar macrophages were cultured for 3 days in the presence of 4.0
mM MSO, which is known to inhibit v -glutamyl-cysteine synthetase
(Meister, 1983) - That MSO may alsc inhibit glutamine synthetase is
not of importance, because the glutamine concentration in the medium
was 1.0 mM -. Before exposure to ozone or nitrogen dioxide, the cells
were preincubated for 2.5 h in the presence of 40 mM M50 and 60 pM
DEM in a salt solution {sol A) containing 5.5 mM glucose/ 125 mM NaCl/
5 mM KC1/ 2.5 mM NayHPO,/ 2.5 mM CaCl,/ 1.2 mM MgSO, and 17 mM HEPES
pH 7.4, DEM is known to react with intracellular GSH (Boyland and
Chasseaud, 1967), After this preincubation cells were washed and
exposed in the presence of sol A without additiomal MSO or DEM.
Incubation of cells with MSO/DEM was shown to reduce cellular
glutathione levels significantly (Rietjens et al., 1985).

Cellular levels of 0 —tocopherol {vitamin E) were increased by cul-
turing the cells in the presence of vitamin E for 2 days. A stock
solution of DL-o —tocopherol (Merck, Darmstadt, West Germany) in
ethanol (10 mg/ml) was diluted in Ham's F10 medium.

Cellular levels of ascorbic acid (vitamin ¢} were increased by incuba-—
ting the cells for 2.5 h at 37°C in the presence of L-ascorbic acid
{Merck, Darmstadt, West Germany) in Ham's F10 medium at pH 7.4.
Preincubations of alveolar macrophages with the desired concentrations
of the q-tocopherol amalogues, phytol (Merck, Darmstadt, West Germany)
or a-tocopherol methyl ether (synthesized as described by Cohen et
al., 1981), were carried out for 2 days at 37°C in Ham's F10 medium.
Stock solutions of these compounds of 10 mg/ml in ethanol were diluted
in Ham's F10 medium.

Before exposure to ozone or nitrogen dioxide cells were washed twice
and exposed in Ham's F10 without additional serum or antioxidant

caapound.
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Determination of phagocytosis

Phagocytosis was determined after incubation of the cells for 1.5 h at
37°C in the presence of approximately 10’ dead yeast cells, coloured
by boiling them for 30 minutes in a congo red (Fluka, Buchs,
Switzerland) PBS solutiom.

Measurement of fluorescence polarization

Fluorescence polarization was measured essentially as described by De
Laat et al. (1977). Approximately 2x105 alveolar macrophages were
grown in culture dishes on rectangular glass cover slips. Labelling of
these cells was carried out using a 2 M solution of 1,6-diphenyl-
1,3,5~hexatriene (DPH) (Janssen Chimica, Beerse, Belgium) as the
fluorescent probe, in sol A instead of PBS, prepared as described by
De Laat et al. (1977). Incubation of the cover slips with this DPH
solutfon was carried out at 37°C in the dark for 60 minutes.
Fluorescence polarization was measured using a home-made experimental
set—up, essentially made as described by De Laat et al. (1977) at 37%
with the cover slips positioned in a quartz cuvette filled with sol A.
The fluorescence polarization P was calculated according to equation
1.

IO/O + fx 10/90

with f = Igg /0/190 /90> the correction factor for intrinsic instrumen—
tal polarization.

Determination of cellular @ -tocopherol

For determination of cellular levels of g—~tocopherol alveoclar macro-
phages were harvested by scraping them from the culture dishes. Cell
samples were disrupted by freezing in liquid nitrogen and thawing at
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37°%C which was repeated twice.

G-Tocopherol was extracted as described by Folch et al. (1957), and
measured fluorometrically in ethanol with A excitation = 295 nm and
Aemission = 340 nm (Duggan, 1959).

Statistical anmalysig of data

Data are presented as mean + standard error of the mean, and statis-—
tical analysis was carried out using the paired Student's t-test,

unless indicated otherwise.

RESULTS

The data in Table 1 show that both ozone and nitrogen dioxide caused a
dose~dependent decrease in phagocytosis of rat alveolar macrophages.
Nitrogen dioxide appeared to be about 10 times less toxic than ozone.

TABLE 1. EFFECT OF IN VITRO EXPOSURE OF RAT ALVEOLAR MACROPHAGES TO
OZONE OR NITROGEN DIOXIDE ON PHAGOCYTOSIS {mm5).

gas dose nmolNO, phagoeytosis
in mmol/dish 70004 Z of control (-—Oal—Noz)

NOZ 59 3 9.8 7§+ 8

3 1 BL+ &
N()z 97 10.8 42 + 4

03 9 2+ 3

NGy 167 + 10 9.8 29423

0q 17+ 1 26 +
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Figure 2. Sensitivity of glutathione-depleted (=MSO/DEM—treated) and untreated

alveolar macrophages to ozone (7+l nmol 03/dish) and nitrogen dioxide
(54+4 nmol N02/dish).
*kk = p< 0,000 (n=5).

The results presented in figure 2 show that depletion of the cellular
level of glutathione resulted in a significant increase in the sensi-
tivity of the cells towards ozone, but in a less pronounced increase
in their nitrogen dioxide sensitivity. The difference between phago—
cytic capacity, of untreated and MSO/DEM-treated (= glutathione-
depleted) alveolar macrophages amounted to 40 + 3% after ozone ex—
posure as compared to a significantly (p< 0.02) smaller difference
amounting to 14 +8%, after exposure to nitrogen dioxide.

Preincubation of the alveolar macrophages with vitamin C protected the
cells against both oxidative gaseous compounds (figure 3), but it is
also apparent from these results that vitamin C did provide a signifi-
cantly better protection against nitrogen dioxide than against an
equally toxic dose of ozone.

The protection provided by preincubation of the cells with G—tocophe-
rol appeared to be the same for both ozone and nitrogen dioxide as can
be seen from the data presented in figure 4.
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Figure 3. Protection of alveolar macrophages against ozone {17 +1 nmol 03/
dish) (-o-) and an equally toxic amount of nitrogen dioxide (177+22
nmol NOzldish) (—a-), provided by preincubation of the cells with
vitamin C.

* = p< 0,05, **% = p <0.0l {unpaired Student's t-test) (n=5).
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Figure 4. Protection of alveolar macrophages against ozone (14 + 2 nmol 03/
dish) (-0~} and an equally toxic amount of nitrogen dioxide (172+8

nmol NO,/dish) (-e-), provided by preincubation of the cells with G-
tocopherol. (n=5)

91




From the results depicted in figure 5 it can be seen that at concen
trations of G~tocopherol that already provided optimal protection, no
pronounced effect on the cell membrane fluidity was detected. And the
data presented in figure 6 atb clearly demonstrate that nelther one of
the structural < -tocopherol analogues tested, could provide a protec—
tion against ozone or nitrogen dioxide comparable to the protection
provided by similar concentrations of d-tocopherol. Both observations
indicate that the protective effect of d—-tocophercl is not related to
a structural effect on the cell membrane.

Finally, the data presented in figure 7 atb show that equally toxic
doses of ozone and nitrogen dioxide did not affect the cellular Ilevel

of @ -tocophercl to the same extent. At doses of both compounds that
affected the phagocytosis to the same extent, the percentages of O —

tocopherol left in the alveolar macrophages after exposure, differed
significantly (p<0.0l, unpaired Student's t—test), amounting to 92
+2% after ozone exposure and to 49 +12%Z after exposure to nitrogen di-

oxide.
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Figure 5. Effect of preincubation with a—tocopherol on the membrane fluidity of
alveolar macrophages, measured as the degree of fluorescence polariza-
tion (P) of 1,6~diphenyl-1,3,5-hexatriene (DPH).

* = p<0.05 (n=5).
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Figure 6. Effect of preincubation of alveolar macrophages with phytol (a) or the

methylether of d~tocapherol (b) on

(o)

and nitrogen dioxide ().

their sensitivity towards ozone

The ozone doses amounted to respectively 19+l nmol 04/dish (a) and
16+1 nmol 03/ dish (b). The doses of nitrogen dioxlde amounted to 158+7
nmal NO,/dish (s} and 163+8 nmol NO,/dish (b).
*% = p <(0.01 (unpaired Student's t—test) (n=5).
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Figure 7. Effect of ozone (214l nmol 05/dish) and nitrogen dioxide (271+11 nmol
NO,/dish) on (@) phagocytosis and (b) @ -tocopherol content of alveolar

macrophages. Alveolar macrophages were lncubated In the presence of 23

UM a-tocopherol for 2 days, washed and exposed to ozone or nitrogen

dioxide in the presence of only 1 nl Ham's F10 without additional

serum ar O~tocopherol.

* = p<0.05, #* = p<0.01, **% = p< 0.001 (r=5).
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DISCUSSION AKD CONCLUSIONS

In the exposure model used ozone appeared to be about 10 times more
toxic than nitrogen dioxide. Other in vitro studies described in the
literature reported ozone to be more toric than nitrogen dioxide by a
factor ranging from 1 (Voisin et al., 1980) to + 3000 (Weissbecker et
al., 1969), probably depending on the exposure model applied. The in
vitro system used in the present study yields a differemce in ozome
and nitrogen dioxide toxicity comparable to the difference reported in
in vivo studies, in which the factor amounted to 10 to 25 (Stockinger,
1965; Chow et al., 1974; Goldstein et al., 1974; Bils, 1974; Evans et
al., 1976).

Furthermore, the amount of oxidant gas in nmol/dish applied in our in
vitro system can be compared to an in vivo exposure using the model
for pulmonary deposition of ozone, presented by Miller et al. (1978).
Using this model it can be calculated that at a tracheal ozone concen—
tration of 0.1-0.5 ppm, with 10-20 breaths per minute, the ozone dose
te which lung cells would be exposed during 2.5 h varies between 2-23
nmol ozone/18 cm? (= growth area of the petriperm dish)/2.5h, which is

the range actually applied in our in vitro system.

It was shown that preincubation of the cells with vitamin C provided
protection during a subsequent exposure to either ozone, or nitrogen
dioxide. Comparison of the protection provided against doses which
affected the phagocytosis to the same extent, revealed that vitamin C
provided significantly better protection against nitrogen dioxide than
against ozone. These results indicate that the mechanisms of cellular
damage caused by ozone and nitrogen dioxide do not proceed by the same
reactive Jintermediates.

Additional evidence for a different cellular mechanism of toxic action
in ozone and nitrogen dioxide induced cell damage, follows from the

observation that depletion of the cellular glutathione level affected
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the ozone sensitivity of the alveolar macrophages to a significantly

greater extent than their sensitivity towards nitrogen dioxide.

In contrast to the difference hetween nitrogen dioxide and ozone
toxicity demonstrated by glutathione depleted or vitamin C enriched
alveolar macrophages, protection by @ —tocopherol did not reveal a
different pattern of protection for ozone and nitrogen dioxide exposed
cells.

The most likely explanations for this discrepancy are that i) the
membrane-bound ¢ -~tocopherol functions at another cell-site than the
cytoplasmatic antioxidants vitamin C and glutathione, or i1) that
o —tocopherol accomplishes its protection mainly by means of its
structural, stabilizing effect on the cell membrane (Lucy, 1972;
Diplock and Twey, 1973; Maggio et al., 1977; Gutteridge, 1978; Mino
and Sugita, 1978; Diplock, 1982), and not by its action as a radical
scavenger.

However, the latter explanation is contradicted by the observations
showing that protective concentrations of « -tocopherol did not in-
fluence cell membrane fluidity and that neither one of the structural
o —-tocopherol analogues tested, phytol or the methyl ether of u-
tocopherol, could offer a pronounced cellular protection against ozone
or nitrogen dioxide. As it is clearly demonstrated by these results
that the protective action of p-tocopherol is mediated by means of its
scavenging capacity, provided by its 6-hydroxyl group, the observation
that o-tocopherol protected equally well against ozone and nitrogen
dioxide leads to the evident conclusion that reactive intermediates
scavenged by d—tocopherol are important in the mechanism of both ozone
and nitrogen dioxide induced cell damage. But from the facts that 1)
vitamin C provided different protection against both gaseous compounds
and that 11) glutathione depletion affected the cellular sensitivity
towards ozone to a greater extent, it follows that the kind of radi-
cals and/or reactive intermediates formed, and therefore the reaction
mechanism jinvolved must be different in ozone and nitrogen dioxide

induced cell damage. Finally this conclusion 1is also strongly con-
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firmed by the observation which showed that iii) doses of ozone and
nitrogen dioxide which equally affected the phagocytosis of the
alveolar macrophages, resulted in a dissimilar bresk—down of the o~
tocopherol in the exposed cells.

One of the possibilities compatible with the results presented in this
study might be the involvement of lipid (peroxyl) free radicals formed
in a radical mediated peroxidative reaction pathway, which causes a
substantial break-dosm of cellular o -—tocopherol, in nitrogen dioxide
induced cell damage. While ozone induced cell damage might proceed
by lipid ozonides, scavenged by U-tocopherol as well.
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ABSTRACT

The phospholipid polyunsaturated fatty acid (PUFA) content and the
membrane fluidity of rat alveolar macrophages were modified dose
dependently and in different ways. This was done to study the impor—
tance of both membrane characteristics for the cellular sensitivity
towards ozone and nitrogen dioxide. Cells preincubated with arachi-
donic acid (20:4) complexed to bovine serum albumin (BSA) demonstrated
an increased in vitro sensitivity versus ozone and nitrogen dioxide.
The phenomenon was only observed at the highest 20:4 concentrations
tested, whereas the mewbrane fluidity of the 20:4 treated cells al-
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ready showed a maximum increase at lower preincubation concentrations.
Hence it could be concluded that the increased ozone and nitrogen
dioxide sensitivity of PUFA enriched cells is not caused by their
increased wmembrane fluidity, resulting in an increased accessibility
of sensitive cellular fatty acid moieties or amino acid residues. This
conclusion receives further support from the observation that a com
parable increase in membrane fluidity without a concomitant increase
in PUFA content, achleved by preincubation of the cells with egg
lecithin liposomes, did not result in an increased gensitivity of the
cells towards ozone or nitrogen dioxide.

Analysis of the fatty acid composition of PUFA enriched cells demomn
strated that — in contrast to membrane fluidity — the PUFA (especially
20:4) content of the cells continued to increase at the 20:4 pre-
incubation concentrations increasing from 33 to 150 M.

This indicated that the increased ozone and nitrogen dioxide sensiti-
vity of PUFA enriched alveolar macrophages should be ascribed to their
increased percentage of sites at which cell damage may start and/or
proceed.

These results strongly support the involvement of lipid oxidation in
the mechanism(s) of toxic action of both ozone and nitrogen dioxide In

an intact cell system.

INTRODUCTION

Ozone and nitrogen dioxide are the major oxidants of photochemical air
pollution. Their effects on morphological, functional, physiological
and biochemical lung parameters are well known (e.g. Menzel, 1984;
Morrow, 1984).

The mechanism of action of both compounds is generally ascribed to
oxidation of sensitive amino acid residues in cellular proteins and/or
oxidation of unsaturated fatty acid moieties in membrane phospho—
lipids. The potential of ozone and nitrogen dioxide to react with
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unsaturated fatty acids is demonstrated by the identification of fatty
acid oxidation products after exposure of pure fatty acid monolayers
or suspensions (Roehm et al., 1971; Srisankar and Patterson, 1979;
Pryor et al., 1982). Existing evidence for the involvement of 1ipid
(per)oxidation in the mechanism of action of ozone and/or nitrogen
dioxide in vivo appears to depend cn three lines of evidemce: 1) the
occurrence of products of lipid peroxidation in the breath, lung
homogenates or isolated lung lipids of exposed animals. Examples of
this can be found in the presence of thiobarbituric acid reactive
products in lung homogenates of rats exposed to mnitrogen dioxide
(Sagai et al., 1982}, the demonstration of increased diene conjugation
in lung 1ipids extracted from nitrogen dioxide or ozomne exposed
rodents (Thomas et al., 1968; Goldstein et al., 1969) and the detec-
tion of increased amounts of pentane In the breath of ozone exposed,
vitamin E deficient rats (Dumelin et al., 1978a; Tappel and Dillard,
1981) or of ethane in the breath of rats exposed to nitrogen dioxide
{Sagai et al., 1981; Sagai et al., 1982).

11) The second line of evidence refers to experiments demonstrating
changes 1in the lung lipid composition of ozone and nitrogen dioxide
exposed animals (Menzel et al., 1978; Kobayashi et al., 1980).

i1i) The third line of evidence refers to the protection offered by
the antioxidant vitamin E (Fletcher and Tappel, 1973; Chow et al.,
1979; Sato et al., 1976).

However, for a number of reasons the evidence is not really conmr
clusive. So far, for instance, any relation with dose or level of
exposure has not been demonstrated for most of these phencmena. 1In
addition the detection of thiobarbituric acid reactive material may be
non—specific as some compounds and/or reactions are known to interfere
with the assay (Gray, 1978). Moreover detection of conjugated dienes
by ultraviolet spectroscopy may not be specific as well (Logani and
Davies, 1980; Waller and Recknagel, 1977; Menzel et al., 1975).
Besides, an increased diene conjugation in extracted lung lipids could

only be demonstrated several hours after exposure to the oxidative
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conpounds (Thomas et al., 1968). It is also noteworthy that increased
amounts of pentane could not be detected in the breath of i) ozone
exposed mornkeys, 11i) ozone exposed rats fed a vitamin E containing
commerclal diet, or i1i) vitamin E deficient rats exposed to nitrogen
dioxide (Dumelin et al., 1978a; Dumelin et al., 1978b; Dillard et al.,
1980).
Furthermore, modifications in lung lipid composition after exposure to
ozone or nitrogen dioxide can also be explained by changes in the lung
cell populations resulting from proliferation and/or destruction of
certain lung cell types, or by changes in lipid metabolism of indivi-
dual lung cells (Kobayashi et al., 1980).
In summary, the evidence referred to is not conclusive. The strongest
support avallable for the involvement of lipid (per)oxidation in the
mechanism of action of both ozone and nitrogen dioxide is of an in-
direct nature, viz. the protection provided by the antioxidant action
of vitamin E {Fletcher and Tappel, 1973; Chow et al., 1979; Sato et
al., 1976).
The exposure of isolated or cultured cells seems to represent an
adequate model for studying the involvement of 1ipid oxidation in the
mechanism of toxic action of ozone and nitrogen dioxide. An example
can be found in a recent paper of Konings (1986) who reported that
mouyge fibroblast LM cells ghowed an Increased sensitivity towards
ozone after enrichment of their polyunsaturated fatty acid (PUFA)
membrane moieties.
In theory, PUFA enrichment may influence cellular sensitivity inm twe
ways. First, PUFA enriched membranes contain an increased mumber of
sites at which cell damage could start and/or proceed. In this case,
the increased ozone sensitivity of PUFA enriched cells would point te
an involvement of 1ipid (per)oxidation in the mechanism of ozone
toxicity.
Secondly, 1t can be suggested that an increased sensitivity of PUFA
enriched cells could be caused by their increased membrame f£luidity.
As a result the membranes and/or the cytoplasm of PUFA enriched cells
might become more accessible and exposed.
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The objective of the present study was to investigate the possible
contribution of either one of these hypothetical mechanisms with
regard to the increased sensitivity of PUFA enriched cells versus both
ozone and nitrogen dioxide. The study was carried out with an in vitro
model in which cells can be exposed to gaseous compounds by means of
gas diffusion through a thin teflon film (Alink et al., 1979; Rietjens
et al., 1986). To study the relative contribution of membrane fluidity
and PUFA content on cellular sensitivity towards ozone and nitrogen
dioxide, membrane flulidity was modified dose dependently and in two
ways. First by preincubation of the cells with arachidonic acid (20:4)
complexed to bovine serum albumin (BSA) and secondly by preincubation
of the cells with egg lecithin liposomes.

The first procedure was expected to increase cellular membrane fluidi-
ty by increasing the percentage of polyunsaturated fatty acid moieties
(Konings, 1986; Shinitzky and Barenholz, 1978)., The second method was
expected to increase membrane fluidity without a pronounced increase
of the cellular PUFA content, as egg lecithin is known to increase
wembrane fluidity by increasing the ratio lecithin:sphingomyelin of
the membrane and/or by extracting native cholesterol from the cell
surface membranes (Shinitzky and Barenholz, 1978; Shinitzky and Inhar,
1974).

METHODS

Cell culture

Alveolar macrophages were isolated from the lungs of female Wistar
rats (+ 200 g) as described by Mason et al. (1977) by the lavage of
perfused lungs. Approximately 106 cells were plated onto a plastic
film dish with a 25 ym teflon bottom and a growth area of 18 cn?
(Petriperm, Heraeus, Hanau, West Germany). Alveolar macrophages were
cultured in Ham's F10 medium (Flow, Irvine, Scotland), supplemented

with NaHCO, (1.2 g/1), 10%Z newborn calf serum (Gibco, Glasgow,
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Scotland), 50 IU/1 of penicillin (Gist-Brocades, Delft, The Nether—
lands), and 50 mg/l streptomycin (Specia, Paris, France) at 37°C in a
humid atmosphere containing 5% G0y in alr. Cells were cultured for 3
days in order to attach to and stretch on the teflon film of the
petriperm dish before they were exposed to ozone or nitrogen dioxide,
and during these days their membrane fluidity could be wmodified as
described below.

Gas exposure

Cells were exposed to ozone or nitrogen dioxide by means of gas diffu-
sion through the teflon membrane of the petriperm dish (Alink et al.,
1979). Before exposure cells were washed and fresh medium without
serum was added to the cells.

Ozone was generated by a high voltage discharge type ozone generator
{Fisher, Model 501, Meckenheim, West Germany). Nitrogen dioxide (0.9%
MOy in Nz) was purchased from Matheson {Oevel, Belgium). The amount of
ozone which diffused through the teflon film into the dish was
measured using the indigo disulfonic acid method (Guicherit et al.,
1972). Nitrogen dioxide was measured using the method described by
Huygen (1970) and a nitrite equivalent of nitrogen dioxide, if.e. a
Saltzman factor of 0.67.

Measurement of membrane fluidity

Membrane fluidity was measured as the degree of fluorescence polariza-
tion (P) of 1,6—diphenyl-1,3,5-hexatriene (DPH) {(Janssen Chimica,
Beerse, Belgium). Fluorescence polarization was measured essentially
as described by De Laat et al. (1977).

Approximately 2 x 10° alveolar macrophages were grown in culture
dishes on rectangular glass cover slips. Labelling of these cells was
carried out using a 2 M solution of DPFH in a salt solution (sol A)
containing 5.5 mM glucose/125 mM NaCl/5 mM KC1/2.5 mM NayHPO,/2.5 mM
CaCl,/L.2 mM MgSO, and 17 mM HEPES pH 7.4, inmstead of PBS, and pre-
pared as described by De Laat et al. (1977). Incubation of the cover
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slips with this DPH solution was carried out at 37°C in the dark for
60 minutes. Fluorescence polarization was measured using a self-
constructed experimental set up, essentially made as described by De
Laat et al. (1977), at 37°C, with the cover slips positioned in a
quartz cuvette filled with sol A, The degree of fluorescence polariza-

tion P was calculated according to

Toro — £ x Igsgo

with £ = 190/0/190”0, the correction factor for {intrinsic

instrumental polarization.

Modification of cellular membrane fluidity

Cellular membrane fluidity of alveolar macrophages was modified by
preincubation of the cells with arachidonic acid (20:4) (Sigma, St.
Louis M.0., U.S.A. Grade I) complexed to fatty acid free bovine serum
albumin (BSA} (Sigma, St. Louis, M.Q., U.S.A.) or with egg lecithin-
{Merck, Darmstadt, West Germany) liposomes.

For BSA/20:4 modification, alveolar macrophages were incubated for 18
hours at 37°C and 5% €0y, with desired dilutions — in Ham's F10 medium
without additional serum -, of a stock solution of 1000uyM 20:4 com-—
plexed to 250 yM BSA, prepared as described by Spector and Hoak (1969)
and Wolters and Konings (1982).

Modification of membrane fluidity by egg lecithin was carried out by
incubating the alveolar macrophages for 2.5 hours at 37°C, 5% €0, with
desired concentrations of lecithin liposomes in Ham's Fl0. Lecithin
liposomes were prepared as follows., A solution of 100 mg egg lecithin
in 3 ml chloroform:methanol (2:1) was evaporated to dryness under
nitrogen, dispersed in Ham's F10 to a final concentration of 5 mg/ml
and sonicated for 5 minutes with a Branson Sonic Power Sonicator at
maximum energy output. Fresh liposomes were prepared for each experi-

ment. Lecithin concentrations, expressed in mg/ml were converted to
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molar concentrations using the molecular weight value of 762, deter-
mined by Diplock et al. (1977). This could be done as the fatty acid
composition of the egg lecithin used in thege experiments agreed very
well with the fatty acid composition of the egg lecithin used by
Diplock et al. (1977). Before exposure to ozone or nitrogen dioxide
cells were washed twice and exposed in Ham's F10 medium without addi-
tional serum, BSA/20:4 or epg lecithin.

Fatty acid analysis

Lipid extraction from cellular fractions was done according to Konings
(1970) and followed by transesterification of the fatty acids carried
out as reported by Konings et al. (1980). Fatty acid methyl esters
were identified by capillary GLC (Muskiet et al., 1983) using a
Packard Gaschromatograph Model 429 equipped with a flame ionization
detector and integrator system {Packard, Becker, Delft, The Nether-
lands).

The column used was a fused silicagel capillary column type DB-5, with
a length of 30 meter and an internal diameter of 0.25 mm. Helium was
used as the carrier gas. Heating was performed at an initial tempera-
ture of 155°C followed by an increase of 2.5°C/min for 30 minutes and
then 10°C/min up to 300°C.

Fatty acid methyl esters were identified on the basis of comparison of

their retention times to the retention times of different standards.

Determination of phagocytosis

Phagocytosis was determined after incubation of the cells for 1.5 h at
37°C in the presence of approximately 1(}7 dead yeast cells coloured by
boiling them for 30 minutes in a congo red (Fluka, Buchs, Switzerland)
PBS solution.

Statistical analysis of data

Data are presented as mean + standard error of the mean, and statisti-
cal analysis was carried out using the unpaired Student's t-test,
unless indicated otherwise.
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RESULTS

The data presented in Figure 1 show that the membrane fluidity of
alveolar macrophages, measured as the degree of fluorescence polariza-
tion of 1,6—diphenyl-1,3,5-hexatriene, can be increased (P value de-
creased) in a dose dependent way by preincubation of the cells with
BSA/20:4 (Figure la) or with egg lecithin liposomes (Figure 1b).
Incubation of the cells with BSA alone did not influence membrane
fluldity of the alveolar macrophages (Figure la). In addition Figure 1
demonstrates that egg lecithin and BSA/20:4 can cause a comparable
increase in membrane fluidity.
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Figure 1. Effect of preincubation with a) BSA/20:4 (- @ =) and BSA (-0 =) or
with b) egg lecithin, on the membrane fluidity of alveolar macro-
phages, measured as the degree of fluorescence polarization (P} of
1,6—diphenyl-1,3,5-hexatriene (DPH).

*=p <0.05, ** = p < 0,01, #* = p < 0,001 (n= 3)
b} paired Student's t-test.
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From the results presented in Table 1 it follows that the PUFA content
of the membrane phospholipids increased in a dose dependent way with
the BSA/20:4 concentration. This increase is entirely caused by an
increase in the percentage of 20:4 moieties. BSA alone did mot in-
fluence the fatty acid composition of alveolar macrophages {Table 1).
The data depicted in Table 2 show that preincubation of the cells with
egg lecithin resulted in a dose dependent decrease In the percentage
of phospholipid PUFA moieties. Thus, preincubation with egg lecithin
liposomes results in an increased cellular membrane fluldity without a

concomitant increase in membrane PUFA content.

TABLE 1 FATTY ACID COMPOSITION OF THE PHOSPHOLIPIDS OF ALVEOLAR MACROPHAGES
PREINCUBATED WITH TNCREASING CONCENTRATIONS OF BSA/20:4,
control : [20:4] = D ; BSA control : [BSA] = 37.5 M
p = fatty acid percentage unchanged with increasing [20:&] .

4 = increased, ¢ = decreased (n = 2-3)

log [20:4] in M/ [20:&] in pM BSA

Fatty actd!?  control -4.5/33 -4,3/50 -3.8/150 control

14:0 06+01 L2+05 07+01 09+04 4 18+ 06
16:0 16.6 + 0.1 17.5+ 1.6 16.1+ 2.4 15.6+ 2.6 $ 14,1+ 0.6
16:1 w7 1.8+ 01 1.6+0.1 1.8+0.1 1l.4+01 $ 2.5+0.4
18:0 17.7 + 0.9 17.9+ 0.6 16.6 + 0.6° 16.7 + 1.7 4 15.6 + 0.1
18:1 w7 27403 23403 19404 1.5+0.0 ¢ 3.8+ 0.3
18:1 w9 4.9+ 0.8 9.8+ 0.2 08+ 04 7.7+0.2 |  14.0+ 0.7
1B:2 w6 3.2+ 0.0 L9+0.2 L7+0.0 1.6+ 0.2 4 3.7+0.6
20:4 w6 18,0 £ 0.3 27,5+ 1.4 330+ 1.0 39.6+ 2.2 + 169+ 2,2
22:4 wh 100 +02 13,01+ 1.0 12,0+ 1.6 9.9+ 1.6 6 11.0+ 0.6
22:5 w3 73405 40+ 06 3.2+0.7 2J+06 ¢+ 9.5+ 0.1
22:5 w6 1.6+0.1 09+0.2 1.0+04 09+03 ¢ L1.5+0.1
22:6 w3 5.8+ 0,1 2.4+ 0.5 2.2+ 0.7 1.4+0.2 4 5.6+ 0.4
Z PUFA 45,9+ 0.1 49.8+ 1.6 53,1+ 2.3 56.1+ 5.0 + 48.2+ 2.7

l)mmber of carbon atoms: number of double honds followed by the position of the
double bonds.




TABLE 2 FAITY ACID COMPOSTILON OF THE PHOSPHOLIPIDS OF ALVEOLAR MACROPHAGES

PRETNCUBATED WITH TNCREASING CONCENTRATTONS OF EGG LECITHIN.

p = fatty acid percentage unchanged with increasing [egg lecithin_.i

4+ = increased, | = decreased (n =

log [egg. ].ecithin] in ¥

Fatty acidl’ -5.2 -3.9 -3.4

14:0 36+ 0.5 4.1+ 0.8 2.3+ 0.4 6
15:0 1.6 + 0.2 1.7 + 0.4 0.5 + 0.5 #
16:0 17.0 + 1.9 17.9 + 0.8 26,4 + 0.1 +
16:1 w7 3.9+ 0.1 3.7 + 0.2 2.8 + 0.3 ]
18:0 10.5 + 3.0 13.8 + 1.4 17.2 + 1.8 +
18:1 w7 2.1+0.3 1.0+ 1.0 1.7+ 0.1 6
18:1 w9 28.8 + 2.6 31.0 + 4.6 29.5 + 2.5 6
18:2 w6 13.2+ 1.2 13.7 + 2.5 13.0+ 1.4 b
2014 W 8.9 + 3.5 9.9+ 2.2 6.0 + 0.6 J
22:4 w6 8.8 + 5.7 1.7+ 1.6 1.5+ 0.2 +
22:5 w3 0.8 4+ 0.8 0.7 + 0.7 0.5+ 0.5 b
22:6 w3 0.6 + 0.6 0.8+ 0.8 0.7 + 0.7 b
% PUFA 323+ 2.0 26.8 + 2.8 21.7 + 0.7 +

Y number of carhon atoms: mumber of double bomds, followed by the position of

the double bonds.

Figure 2 shows that preincubation of the alveolar macrophages with
lecithin did not influence their sensitivity towards ozone or nitrogen
dioxide. However, preincubation of the alveolar macrophages with
BSA/20:4 resulted in a dose dependent increase in the ozone as well as
the nitrogen dioxide sensitivity of the cells as compared to BSA
treated control populations (Figure 3). The difference in phagocytosis
of BSA and BSA/20:4 treated alveolar macrophages after ozone exposure
amounted to 8 + 5% and 19 + 5% (p < 0.001) at 100 and 150 uM 20:4
respectively, whereas after nitrogen dioxide exposure these differenm-
ces amounted to 15 + 7% (p < 0.05) and 26 + BX (p < 0.01) respec-

tively.




phagocytosis phagocytosis
“aof control {=-04) %of control [=-NGQ,)
100+ -|
N
N A )
50+ A
a b
-500 -600 -300 -500 b0 -300
log [lecithin] in M log(lecithinlin M
Figure 2. Effect of preincubation with egg lecithin on a) ozone and b) nitrogen
dioxide sensitivity of alveolar macrophages (n = 8).
The ozone dose amounted to 7 + 1 nmol 03/dish, the nitrogen dioxide
dose to 55 + 7 tmol N0,/dish.
log [BSA]in M logiBSAlinM
-700 -600 -500 -400 -700 -600 -500 -400
F T T 1 | T T =
phagocytosis phagocytusis
% of contral (=-03} % of control {=-NQ;)
100+ -
g=°"°§§:&°'°-b l:::‘xl__'g’\ I
™ s
50 PEL 7 % .
| 4
\,Il
a b
0 T T T 1 T |
-600 -500 -400 -600 -500 -400
log [20:4) i M logl20:4)in M
Figure 3. Effect of preincubation with BSA/20:4 (- @ =) or BSA (— o -) on a)

ozone and b) nitrogen dioxide sensitivity of alveolar macrophages.
The ozone doses amounted to 26 + 1 (- & -) nmol 03/dish and 29 + 1
(- o =) nmol 05/dish.

The nitrogen dioxide doses amounted to 293 + 19 (- e =) nmol NOzfdish
and 263 + 12 (- o -) umol NO,/dish.

* =

p < 0.05, % =p < 0,01, % = p <0.000 {n = 5-7).
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DISCUSSION AND CONCLUSIONS

Results presented in this study clearly demonstrate the Increased
sensitivity of PUFA enriched (= BSA/20:4 treated) rat alveolar macro-
phages towards both ozone and nitrogen dioxide.

This observation provides additional support to the earlier findings
reported by Konings (1986) who found an increased sensitivity of PUFA
enriched mouse lung fibroblast LM cells versus ozone. Donovan et al.
(1977) found that elevation of lung PUFA levels in mice fed a high
PUFA diet had little effect on the mortality rate of the animals when
they were exposed to ozone. May be this discrepancy relates to the
fact that PUFA levels of whole lung tissue can not be modified to the
same extent as the PUFA content of isolated or cultured cells modified

in vitro.

Further results presented in the present study alsc demomnstrate that
the increased sensitivity of PUFA enriched cells should be ascribed to
an increased number of semsitive sites at which cell damage may start
and/or proceed, and not to an Increased membrane fluidity. This con-
clusion is based on the following results.

First, the increased ozone and nitrogen dioxide sensitivity of the
PUFA enriched alveolar macrophages only appeared when cells had been
preincubated with 20:4 concentrations of 100 or 150 uM. This in spite
of the fact that the maximum increase in membrane fluidity - presented
by a maximum decrease of the fluorescence polarization of the DFH
probe - was already achieved at the lower preincubation concentrations
of 50 and 75 M.

In addition, the absence of an involvement of increased membrane
fluidity in the mechanism of increased ozone and nitrogen dioxide
sensitivity also finds support from the observation that a comparable
increase in membrane fluidity, without a concomitant increase in
cellular PUFA content, achieved by preincubation of the cells with egg
lecithin, did not result in an increased sensitivity of the cells.
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Finally, the results show that - in contrast to membrane fluidity -
the 20:4 and PUFA content of the cells continued to increase at 20:4
concentrations increasing from 33 to 150u M, which clearly indicates
that the increased gsensitivity of PUFA enriched cells should be
ascribed to an increased content of sensitive fatty acids. _

A separate finding of the present study is the fact that the increased
sensitivity of PUFA enriched alveolar macrophages showed a tendency to
be more pronounced with nitrogen dioxide than with ozone exposure.
Such a difference would point to a difference in their respective
mechanisms of toxic action, a phenomenon demonstrated more clearly in
a previous report by differences in antioxidant protection and a-
tocopherol destruction in alveolar macrophages expagsed to equally
toxic amounts of ozone or nitrogen dioxide (Rietjens et al., 1986).

The results reported in the present study provide additional insight
into the mechanism by which ozone and nitrogen dioxide exert their
toxic effects as they strongly support the involvement of lipid oxida-
tion in the mechanism by which damage is induced in an intact cell

system.
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SUMMARY

Rats were exposed to 1.5 + 0.1 mg ozone/m? for 4 days and the activities
of glucose-68-P dehydrogenase (G6PDH), glutathione reductase (GR)} and
glutathione peroxidase (GSHPx) were measured in the cytosolic fraction of
lungs from exposed and control rats. Enzyme activities were also measured
in isolated alveolar macrophages and type II cells. After ozone exposure
enzyme activities, expressed per gram of protein, showed the followingchanges.
G6PDH activity was increased (P < 0.001) in the whole rat lung and showed
the same tendency in isolated alveclar macrophages and type II cells. GR
activity did not change significantly neither in whole lungs, nor in isolated
cell populations. GSHPx activity was increased (P < 0.001) in whole lung
homogenates, and was also markedly increased in both alveolar macrophages
(P < 0.05) and type II cells (P < 0.01) isolated from ozone-exposed rats.
From these results it was concluded that biochemical changes measured in
whole lung homogenates might reflect biochemical changes that occur within
specific cell types. Furthermore, it was demonstrated, using an in vitro ¢zone
exposure system, that lung cell populations isolated from ozone-exposed
rats, in spite of their marked increase in GSHPx activity, did not show a
decreased ozone sensitivity compared to cells from unexposed rats, as deter-
mined by trypan blue exclusion or phagocytosis. So an increase in GSHPx
activity might not be related to an increased cellular resistance to ozone.
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INTRODUCTION

Ozone is the major oxidant of photochemical smog. Its toxicity has been
ascribed to several reactions, including peroxidation of unsaturated fatty
acids in the cell membrane [1]. In addition, various physiological, morpho-
logical and biochemical changes of the lung have been described following
exposure to this air pollutant {1]. Some of these changes have been related
to adaptation, a phenomenon well documented for animals [1] and man [2].
Different possibilities have been proposed to explain the observed decreased
sensitivity after an initial exposure to a toxic but non-lethal dose of ozone
[1,3]. One of the mechanisms involved in protection against ozone toXicity
might be the enhancement of the activity of enzymes of the socalled gluta-
thione pathway, which are supposed to reduce toxic fatty acid hydro-
peroxides, giving rise to the corresponding alcohols [4]. Evidence for this
hypothesis, however, appears to be indirect, for it is primarily based on the
observation that the activities of glutathione peroxidase (GSHPx), gluta-
thione reductase (GR), glucose-6-phosphate dehydrogenase (G6PDH) and
6-phosphogluconate dehydrogenase of rat lungs increased above their
respective controls after several days of exposure of rats to ozone {4].
Furthermore, morphological changes like replacement of type I epithelial
cells by less sensitive type II cells, might be related to the increased resis-
tance against ozone toxicity [1,5]). Proliferation or migration of alveolar
macrophages might contribute to a decreased ozone sensitivity as well.

Because of these morphological changes it is not known whether the bio-
chemical changes in the lungs of ozone-exposed rats, should be attributed to
intrinsic cellular metabolic changes and/or migration, proliferation or
replacement of certain cell types in the lung. Therefore, we decided to
investigate whether cell populations isolated from the lungs of ozone-
exposed rats showed changes in G6PDH, GR and GSHPx activity comparable
to those observed in the whole lungs. Secondly, it was investigated whether
cells isolated from ozone-exposed rats showed a decreased sensitivity
towards ozone after exposure in vitro. In this way more insight might be
obtained in the role of enzymes belonging to the glutathione system and
the hexose monophosphate shunt, in the cellular defense mechanism against
the toxicity of ozone.

METHODS

Animal exposure
Seven-week-old, male S.P.F. Wistar rats (145 20 g) were exposed for
4 days to 0 or 1.5 ¢ 0.1 mg ozone/m® (0.75 ppm) in a 0.2-m? stainless steel




and glass inhalation chamber in which an air flow of 6 m?/h was maintained.
The air was filtered by a HEPA and an active carbon filter and was con-
ditioned at a temperature of 22 * 1°C and a relative humidity of 50 + 5%.
Ozone was generated in a silent discharge type ozone generator (Model 501,
Fisher, Meckenheim, F.R.G.) in which oxygen is partially converted to
ozone. The ozone-oxygen mixture, about 10 rl/min, was added to the inlet
stream of the exposure chamber. The ozone concentration was measured
continuously with an ozone analyser (Model 8810, Monitor Labs, San Diego,
CA, USA). Calibration was performed with a primary standard before and
after the exposure period. Daily calibration was performed using the
analyser’s internal ozone source. To maintain the ozone concentration at the
desired value, a feedback control system was used, which controlled the gene-
rator oxygen flow by regulating a mass flow controller (Model F201, HiTec,
Vorden, The Netherlands). A microprocessor (PDP 11/023, Digital Equip-
ment Corporation, Maynard, U.S.A.), equiped with analog to digital and
digital to analog convertors, adjusted the setpoint of the oxygen mass flow
controller at regular intervals (b min) proportional to the deviation of the
measured ozone concentration from the desired value,

Isoiation of ceil cultures

Alveolar macrophages were isolated as described by Mason et al. [6] by
the lavage of isolated perfused lungs from 6 ozone-exposed and 6 control
rats. Approximately 10° cells were plated onto a 20-cm? culture dish
(Costar, Cambridge, MA, 1J.5.A.) or — in case of in vitro ozone exposure —
onto a plastic film dish with a 25-um teflon bottom and a growth area of
18 cm? (Petriperm, Heraeus, Hanau, F.R.G). Alveclar macrophages were
cultured in Ham's F10 medium (Flow, Irvine, Scotland), supplemented
with NaliCO; (1.2 g/1), 10% newborn calf serum (Gibco, Glasgow, Scotland},
501U/1 of penicillin (Gist-Brocades, Delft, The Netherlands), and 50 mg/t
streptomycin (Specia, Paris, France) at 37°C in a humid atmosphere con-
taining 5% CO, in air. After 3 days, cells were exposed to ozone or harvested
for biochemical determinations by scraping them from the culture dishes.
Type II cells were also isolated from the lungs of 6 ozone-exposed and
6 control rats, following the method described by Mason et al. [6] using
Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) instead of albumin
for the density gradient centrifugation. Approximately 2 X 10¢ cells were
cultured in a dish in Dulbecco’s MEM, supplemented with NaHCOQ, (3.70
g/1) and 10% fetal calf serum (Gibco, Glasgow, Scotland) and penicillin and
streptomycin at the same concentrations as described above. Cells were
cultured at 87°C in a humid atmosphere containing 10% CO, in air. After
3 days cells were either exposed to ozone or dislodged with a solution con-
taining 0.25% trypsin (Difco, Detroit, MI, U.5.A.) and 0.05% EDTA (Merck,
Darmstadt, F.R.G.} and used for biochemical assays. The percentages of
alveolar macrophages or type II cells in these primary cell cultures were
determined by phagocytosis (carried out as described below) or by
staining with Phosphine R (ICN, NY, U.8.A.), as described by Mason et al.

[6].
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Preparation of lung cytosol and cell samples

Cell samples were disrupted by freezing in liquid nitrogen and thawing at
37°C which was repeated twice. Perfused lungs were homogenized in a
glass-teflon homogenizer with a 7-fold volume of ice-cold sucrose-mannitol
medium as described by Mustafa et al. [7]. The homogenate was centrifuged
at 105 000 g for 60 min at 4°C. The supernatant fraction was quickly frozen
in liguid nitrogen and stored at —90°C until biochemical assay.

Biochemical parameters

G6PDH was measured according to Mustafa et al. {7]. GR was measured
as described by Racker [8). GSHPx activity was measured according to
Lawrence and Burk [9] in 50 mM imidazole buffer pH 7.0, with hydrogen
peroxide as a substrate. In this way the selenium-dependent GSHPx is
measured, which might have a higher affinity for peroxides (K;, = 1—10 uM)
[10], than the non-selenium-dependent GSHPx (K,, = 0.5—2.56 mM) [11].
Enzyme activities were expressed in units defined as umol NADPH formed
or used per minute. Protein was determined by the method of Lowry et al.
[12] with crystalline bovine serum albumin as the standard.

In vitro exposure to ozone

Before exposure, fresh medium without serum was added to the cells and
the dishes were closed in such a way that ozone was unable to enter the dish
except by diffusion through the teflon bottom. Cells were exposed to ozone
as previously described [13]. The amount of ozone which diffused through
the teflon film into the dish was measured using the indigo disulfonic acid
method {14].

Parameters for cellular damage

The viability of either alveolar macrophages or type II cells, was assessed
by counting the percentage of trypan blue excluding cells among the cells
attached to the plastic film, 5—10 min after addition of trypan blue (BDH
chemicals, Poole, U.K.) (0.5% final conc.). For alveolar macrophages a func-
tional parameter was included as well: the percentage of phagocytosing cells
was determined after incubating the cells 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) PBS solution,

Statistical analysis of data

Data are presented as mean + standard error of the mean, and statistical
analysis was carried out using the paired Student’s ¢-test, unless indicated
otherwise,

RESULTS

Lungs of rats exposed to 1.5+ 0.1 mg ozone/m® for 4 days showed a
marked increase in the activities of G6PDH (P < 0.001), GR (P < 0.001) and
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GSHPx (P < 0.001), when expressed per lung (Table I). Because lung weight
(P< 0.01) and cytosolic lung protein (P < 0.001) also increased after
exposure to ozone (Table I), increases in enzyme activities were in fact
less pronounced or even disappeared when expressed per gram lung or
per gram of cytosolic lung protein (Table I).

Alveolar macrophages isolated from control rats showed no difference
in the percentage of phagocytosing cells compared to cells isolated from
ozone-exposed rats. These percentages amounted to 96 + 1% and to 94 + 1%
for alveolar macrophages from control and ozone-exposed rats, respectively.
Type II cell cultures from control or ozone-exposed rats contained the same
percentage of type II cells, 66 £ 5% and 61 = 6%, respectively, as determined
by staining with phosphine R. The remaining percentages consisted mainly
of fibroblasts. Furthermore, cell cultures isolated from control rat lungs did
not differ from those from ozone-exposed rat lungs with respect to their
light microscopical appearance (data not shown).

From Table II it can be seen that alveolar macrophages as well as type I

TABLEI

EFFECTS OF OZONE EXPOSURE (1.5 + 0.1 mg OZONE/m?; 4 DAYS) ON
{RELATIVE) LUNG WEIGHT, ON PROTEIN CONTENT AND ON G6PDH, GR AND
GSHPx ACTIVITIES IN RAT LUNG CYTOSOL.

Parameter Control Ozone-exposed
Animal weight (g) 149 £ 7 145 9
Lung weight (g} 091+ 004 1.33 + 0.06***
% of animal weight 0.62 1+ 0,03 0.94 £ 0.07**
Cytosolic protein
mgflung 233 :£0.3 355 £ 1.1%%*
mg/g lung 25.7 £186 271 +17
G6PDH
Uflung 3.32:0.11 6.86 1 Q. 44%%*
Ulg lung 3.66+0.18 5.23 + (0.40%*
U/g protein 143 3 193 1 gRAx
GR
U/lung 115 + 0.04 176 £ 0.07***
U/g lung 1.26 + 0.06 1.34 + 0,09
U/g protein 49 +] 50 + 3
GSHPx
Uflung 370 +0.20 T04 = 0.41%**
Ulg lung 4.09 £ 0,27 5.36 + 0,39*
U/g protein 159 =5 198 + TREX

*P < 0.06,**P < 0.01, ***P < (.001. (Unpaired student’s ¢-test).

Unite (U) are defined as umol NADPH formed or used per minute. Values are the mean =
S.E.M. of 6 animals,
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TABLE H

ACTIVITIES OF GEPDH, GR AND GSHPx IN ALVEOLAR MACROPHAGES (AM)
OR TYPE II CELLS (t1I) ISOLATED FROM CONTROL OR OZONE-EXPOSED RATS
(1.5 ¢ 0.1 mg OZONE/m®; 4 DAYS)

Para- Cell Activity Control QOzone-exposed
meter type
GBPDH AM U/10° cells 226+ (.40 301+ 0.31*
U/g protein 239 + b6 281 + 77
tIL U/10° cells 382+ 0.62 514+ (.68
U/g protein 127 : 15 143 =+ 11
GR AM U/10? cells 152+ 0.08 131+ 0.10
U}/g protein 70 + 8 7% 0+ 7
til U/10° cells 149+ (10 162: 014
U/g protein 38 =+ 1 38 + 1
GSHPx AM U/10° cells 523+ 1.07 8.22: 2.04
U/g protein 471 + 213 818 + 142%
tII U/10° cells 0.8%9 + 020 213+  0.51%*
U/g protein 38 ¢ 10 84 & 14%*

*P < 0.05, **P < 0.01.
Units (1) are defined as umol NADPH formed or used per minute, Values are the mean +
S.E.M. of 5 experiments.

Q- O = 710" celis
= /g lung : :
%Y change « /g proten % change W -/ gprotem
= 150 —BHPDH v ~GR- ~GSHPX —
G6PDH GR GSHPx =
wea
100
AEN
50. i
e
0
AM 1l AM 1L AM HIL
cell type
-snj &]J
* b

Fig. 1. Biochemijcal changes in (a) rat lung cytosol and (b} isolated alveolar macrophages
(AM) and type II cells (tII}, caused by exposure of the rais to ozome (1.5 + 0.1 mg
ozone/m?; 4 days) and presented as percentages increase or decrease with regard to
control values, *P < 0,05, **P < 0,01, ***P < 0.001.
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TABLE 11

EFFECT OF IN VITRO EXPOSURE TO OZONE ON ALVEOLAR MACROPHAGES
(AM) (n = 6) AND TYPE II CELLS (tII) (n = 3) ISOLATED FROM CONTROL AND
OZONE-EXPOSED RATS (1.5 + 0.1 mg OZONE/m?; 4 DAYS)

Trypan hlue exclusion and phagocytosis are presented as percentages of unexposed
control values, (n.s, = not significant).

Cell Culture from Qzone dose Trypan blue Phagocytosis
type control or in vitro in ug exclusion % % of control
ozone-exposed ozone/dish of control
rat
AM Control 047+014 621 +53 41.0 + 109
Ozone-exposed 047 £0.14 621 +49ns. 455 £ 10.5 ns.
tIl Control 019+ 0.09 489145 -
Ozone-exposed 019009 517 + 5.3 ns. —

cells from ozone-exposed rats differed from cells derived from control rats
with respect to biochemical parameters, Whereas the GR activity showed no
significant changes, the activity of GSHPx showed a significant increase in
both alveolar macrophages and type II cells from ozone-exposed rats and the
G6PDH activity showed a tendency to be increased in cells from ozone-
exposed rats.

In Figs. 1a and b biochemical changes in rat lung cytosol and in the iso-
lated cell cultures caused by exposure of the rats to ozone, are presented as
percentages increase or decrease with regard to control values. From the
results presented in Table III it can be seen, that neither alveolar macro-
phages nor type 1I cells from ozone-exposed rats showed an increased resis-
tance towards an in vitro ozone exposure, compared to their respective con-
trol cells isolated from unexposed rats.

DISCUSSION

In the present study it was demonstrated that lungs of ozone-exposed
rats contained increased activities of G6PDH, GR and GSHPx, which is in
accordance with several other studies [4,5,15,16]. Since these increases
were less pronounced or disappeared, when expressed per gram lung, or
per gram of cytosolic protein, it might be concluded that in this study at
least part of the increases in enzyme activities in the lung were caused by
cell proliferation.

The enzyme activities of isolated control cells, expressed per 10° cells
ot per gram of protein were generally higher in alveclar macrophages than
in type II cells. Only the G6PDH activity expressed per 10° cells was higher
in type II cells compared to alveolar macrophages, which is in accordance
with results from histochemical assays reported in literature {17].

125



Alveolar macrophages and type II celis isolated from ozone-exposed rats
showed some biochemical differences compared to cells from unexposed
rats, and these differences might be compared to the effects measured in
cytosol from whole rat lung homogenates. Comparisons can best be made
between activities expressed in the same unit, i.e. per gram of protein.
G6PDH activity was increased in lungs from rats exposed to ozone (P <
0.001) and showed the same tendency in isolated alveolar macrophages
and type II cells. GR activity did not change significantly in whole lungs
and neither in alveolar macrophages or type II cells. GSHPx activity was
increased in whole lung homogenates (P < 0,001}, in alveolar macrophages
(P << 0.05) and in type II cells (P < 0.01) from ozone-exposed rats. So the
effects measured in whole lung homogenates ran parallel with metabolic
changes detected in isolated cells. With respect to the GSHPx activity, a
marked difference appeared in the extent of the induction of the GSHPx
activity in the whole lung compared to the increase in GSHPx activity
measured in isolated lung cells, Whereas the GSHPx activity expressed per
gram of cytosolic lung protein was increased by 35% (P < 0.001) in the
lungs of rats exposed to ozone, the increase in GSHPx activity was far more
pronounced in both alveclar macrophages (+74%, P < 0.05) and type II
cells (+122%, P < (.01), isolated from the lungs of ozone exposed rats.

Increases in G6PDH and GSHPx activities expressed per gram cytosolic
protein in both rat lung cytosol and cell cultures isolated from ozone-
exposed rats, might be caused by: (i) activation of silent enzyme sources;
and/or (ii) a de novo synthesis, both of either enzymes with an increased
specific activity or of enzymes with the same specific activity as those in
control rat lungs. From the data presented none of these mechanisms for
increases of enzyme activities can be excluded.

Furthermore, it was demonstrated in this study, using an in vitro ozone
exposure system, that neither alveolar macrophages nor type II cells from
ozone-exposed rats showed an increase in their resistance towards ozone, as
measured by trypan blue exclusion and phagocytosis. This, in spite of the
pronounced increase in the GSHPx activity of these cells. These results imply
that an increased GSHPx activity is not related to an increased cellular
resistance to ozone.

The hypothesis that GSHPx catalysed reduction of toxic fatty acid hydro-
peroxides, formed as a consequence of ozone intoxication, may play a major
role in protecting lungs against ozone-induced injury was also contradicted
by other reports in the literature. McCay et al. [18] reported that the
GSHPx system was not able to reduce lipid hydroperoxides, present in
phospholipid emulsions, to the corresponding alcohols, Chow et al. {19]
reported that the relative activities of GSHPx in the lungs of rats and
monkeys, expressed per mg of protein, were unrelated to the susceptibility
of these animals to oxidant damage. In addition, another study reported
by Chow [16] showed that even though rat lung GSHPx activity had com-
pletely returned to its control level 9 days after an initial ozone exposure,
the rats still showed a reduced mortality rate when subjected to a subsequent
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exposure. Furthermore, it is known that younger rats are more resistant
towards ozone [1,20] in spite of relatively less efficient pulmonary antioxi-
dant enzymes [21]. Nambu and Yokoyama [18] demonstrated that ozone
tolerance in rats occurred 1 day before the enhancement of the GSHPx
activity. Elsayed et al. [22] reported that mice fed a selenium-rich diet, in
spite of a 3-fold increase in their lung GSHPx activity, did not show a
significant alteration in their resistance or their pulmonary sensitivity to
ozone, compared to dietary selenium-deficient mice. Finally, the results
presented in this study are in accordance with recent data [23], which show
that the protective mechanism of glutathione in lung cells exposed to ozone,
is not mediated through the action of GSHPx; A549 cells, which do not
contain a detectable amount of GSHPx, did show an increased sensitivity to
ozone, when they were artificially depleted of GSH,

Although it is clearly demonstrated by the present results that the activity
of GSHPx might be induced on a cellular level after exposure of rats to
ozone, it is also shown that this increased enzyme activity does not repre-
sent a key mechanism for increased resistance of cells in vitro exposed to
ozohe,

From the results presented, however, it can not be concluded that the
increased enzyme activity is merely a non-specific artificial response of
these lung cells to exposure to ozone, because it can not be excluded that
some specific bjochemical cellular process, which is not of prime importance
for the survival of individual cells, but which might be important for the
overall resistance of the whole lung (p/e synthesis of surfactant), benefits
by the increase in GSHPx activity.
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In preparation

CHAPTER 6b

GLUTATHIONE PATHWAY ENZYME ACTIVITIES AND THE
SENSITIVITY TOWARDS NITROGEN DIOXIDE OF LUNG
CELLS ISOLATED FROM NITROGEN DIOXIDE EXPOSED RATS

I.M.C.M. RIETJENS

SUMMARY

After exposure of rats to 20 + 1 mg nitrogen dioxide/m3 (10.6 ppm) for
4 days, the activities of pglucose-6~P dehydrogenase (G6PDH),
glutathione reductase (GR) and glutathione peroxidase {GSHPX) were
measured In the cytosolic lung fraction, in isolated alveolar

macrophages and in type II cells from exposed and contrel rats.

*Data presented in this section will be part of a manuscript entitled:

ALTERATIONS IN RAT LUNG AND ISOLATED LUNG CELLS IN RESPONSE TO IN __Vl'_V'E AND N
VITRO NITROGEN DIOXIDE EXPOSURE. A BIOCHEMICAL, ENZYM HISTOCHEMICAL AND
MORPHOLOGICAL STUDY.

L. VAN BREF®, T.M.C.M. RIETJENS®, J.A.M.A. DORMANS?, M.C.M. POELEND,
G.M., ALTNK® and P.J.A. ROMBOUT®

a. National TInstitute of Public Health and Envirommental Hygiene, Department
of Imhalation Toxicology, P.0. Box 1, 3720 BA Bilthoven (The Netherlands)

b. Department of Toxicology, Agricultural University, De Dreljen 12, 6703 BG
Wageningen (The Netherlands)
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Enzyme activities in whole lung homogenates expressed per gram of
protein showed the following nitrogen dioxide induced changes. G6PDH
activity was increased (p < 0.00l), GR was increased (p < 0.00l) btut
GSHPx activity showed no change. The increase in G6PDH activity was
comparable to data previously found with ozone. Based on the oxidant
concentrations applied in these studies, ozone was 14 times more
effective than nitrogen dioxide with regard to G6PDH induction.

The effect of nitrogen dioxide on GR and GSHPx activity appeared to be
different from that of ozone. In contrast to nitrogen dioxide, ozone
induced GSHPx activity, but did not affect GR activity, whereas
nitrogen dioxide induced GR activity and did oot affect GSHPx activi-
ty. These results point to a different mechanism of action of ozone
and nitrogen dioxide in vivo.

Alveolar macrophages and type II cells isolated from the lungs of rats
exposed to nitrogen dioxide showed no significant change in GR, but
Increased GOPDH and GSHPx activities.

From this it follows that nitrogen dioxide exposure induces
biochemical changes on a cellular level.

Furthermore it was demonstrated, using an in vitro system In which the
cells could be exposed to nitrogen dioxide, that neither alveolar
macrophages nor type II cells derived from nitrogen dioxide exposed
rats showed an Increased resistance versus nitrogen dioxide, as
compared to cells from unexposed rats.

These results clearly indicate that the nitrogen dioxide induced
elevation of cellular GSHPX activity is not related to an increased

cellular resistance towards the oxidative compound.

INTRODUCTLON
Nitrogen dioxide is a well known constituent of polluted industrial
and urban atmospheres. TIts toxicity to human and animal lung has been

described (1).
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In addition to morphologic amd physiologic effects, nitrogen dioxide
is known to cause biochemical changes in the lungs of exposed animals.
After exposure to 2-10 ppm nitrogen dioxide for several days, the
activities of the enzymes of the glutathione pathway, glucose-6~P-
dehydrogenase {G6PDH), glutathione reductase (GR) and glutathione
peroxidase (GSHPx), were demonstrated to be increased (2;3;4).

It has been suggested that this phenomenon reflects a mechanism for
cellular protection against nitrogen dioxide, as the enzymes may
detoxify lipid hydroperoxides thus preventing further oxidative damage
(2;4).

However, it is not known whether the nitrogen dioxide induced
increases in glutathione pathway enzyme activities are caused by
intrinsic cellular metabolic changes and/or by  migratiom,
proliferation or replacement of certain cell types in the lung, known
to occur following nitrogen dioxide exposure (5). Furthermore it may
be questioned whether increases in G6PDH, GR and GSHPx, measured in
whole lung homogenates, can be coupled to an Increased cellular
resistance to nitrogen dioxide.

Recently published observations with alveolar macrophages and type IL
cells isolated from the lungs of ozone exposed and control animals,
demonstrated that the increases 1in glutathione patlway enzyme
activities measured in whole lung homogenates really reflect changes
occurring on a cellular basis (6). But 1t also appeared that
pronounced increases in cellular GSHPx activity did not result in an
increased cellular resistance towards ozome in vitro. This indicated
that the phenomens of GSHPx induction and ozone tolerance may not be
related (6).

Other data published recently (7) clearly demnstrated that the
mechanism of action of ozone and nitrogen dioxide towards in vitro
exposed alveolar macrophages proceed by different reactive
intermediates and thus by different reaction pathways. Therefore it is
wortlwhile to investigate the effect of nitrogen dioxide on G6PDH, GR
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and GSHPx activities in cells isolated from the lungs of control and
nitrogen dioxide exposed rats and to determine their sensitivity
towards an in vitro exposure to nitrogen dioxide. This in analogy to
earlier experiments with ozone, described recently.

Such a study with nitrogen dioxide may provide insight into the
questions i) whether — as for ozone — increases in glutathione pathway
enzyme activities induced by nitrogen dicxide in whole lung reflect
inductions on a cellular level and ii) if =0, whether increased
cellular activities of glutathione patlway enzymes result in an
increased cellular registance versus nitrogen dioxide.

In addition, comparison of the results to those published recently for
ozone, may provide insight into 1ii) (dig)similarities between ozone
and nitrogen dioxide induced effects in vivo.

METHODS

Animal exposure

9-Week o0ld male S.P.F. Wistar rats (200 + 20 g) were exposed for 4
days to 0 or 20 + 1 mg nitrogen di.oxidea/m3 (10.6 ppm) in a 0.2 m3
stainless steel and glass inhalation chamber, according to the method

of Rombout et al. (8).

Isclation of cell cultures

Alveolar macrophages and type II cells were isolated and cultured as
described previously (7). Cells igolated from the lungs of & control
or b nitrogen dioxide exposed rats were pooled to give two independent
samples. The mean value of these two cell samples, each derived from 3
rats, provided one individual experimental data for each parameter
determined.

The percentages of alveolar macrophages or type II cells in the
primary cultures were determined by phagocytosis (carried out as
described below) or by staining with phosphine R (ICN, NY USA) as
described by Mason et al. (9), respectively.
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Biochemical parameters

Preparation of 1lung cytosol and cell samples was carried out as
described in a previous report (7). G6PDH, GR and GSHPx activity as
well as protein content, were all determined as previously described

(7.

In vitro exposure to nitrogen diozide

Before exposure, fresh medium without serum was added to the cells and
the dishes were closed in such a way that nitrogen dioxide was umable
to enter the petriperm dish (Petriperm, Heraeus, Hanau, West Germany),
except by diffusion through the teflon film to which the cells were
attached. Thus cells were exposed to nitrogen dioxide by means of gas
diffusion through the teflon bottom of the dish. This was achieved by
placing the culture dishes in a 36 litre perspex fumigation box at
379 (10). The inlet gas mixture contained 85% Ny, 5% COy, 10% 0y and
an experimental amount of nitrogen dioxide. Nitrogen dioxide (0.9% NO,
in N,) was purchased from Matheson (Oevel, Belgium). The amount of
nitrogen dioxide which diffused through the teflon film into the dish
was measured using the method described by Huygen (11) and a nitrite
equivalent of nitrogen dioxide, i.e. a Saltzman factor of 0.67.

Parameters for cellular dawmage

The viability of alveolar macrophages and type IT cells was determined
by trypan blue exclusion. For alveolar macrophages a functional
parameter, viz. phagocytosis, was included as well,

Trypan blue exclusion and phagocytosis were determined as previously
described (7).

Statistical analysis of data

Data are presented as mean + standard error of the mean, and
statistical analysis was carried out using the paired Student's t-
test, umless indicated otherwise.
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RESULTS

Table I and Figure la demonstrate that lungs of rats exposed for 4
days to 20 + 1 mg nitrogen dioxide/m3 (10.6 ppm) contain significantly
(p < 0.001) Increased levels of G6PDH, GR and GSHPx activities per
whole lung. Because both lung weight (p < 0.001) and cytosolic lung
protein (p < 0.001) also increased significantly after mnitrogen
dioxide exposure {Table I), 1increases in engzyme activities were less
pronounced = although still significant - when expressed per gram lung
or per gram of cytosolic lung protein. Only GSHPx did not show any
change when expressed per gram of cytosolic protein.

=/1
=/ :nLSng =7 1° cells
% change M =/ g protein :/;0 change B - /g pratein
150 - -
G6POH GR GSHPx +G6PDH: —GR— {GSHPx+
1001  =u= 100

50 4
\
AM I AM tII  AM DI
cell type
-50- -50-
a b.

Figure 1. Biochemical changes in a) rat lung cytosol and b) isolated alveolar
macrophages (AM) and type II cells (tII), caused by exposure of the
rats to nitrogen dioxide (20 + 1 mg nitrogen dioxide/m3; 4 days) and
presented as percentages iacrease with regard to control values,
* p <0.05, #** p < 0,001,
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TABLE I

EFFECTS OF NITROGEN DIOKIDE EXPOSURE (20 + 1 mg NITROGEN DIOXIDE;’ma; 4 DAYS) ON
(RELATIVE) LUNG WEIGHT, ON PROTEIN CONTENT AND ON GG6PDH, GR AND GSHPx ACTIVITIES
IN RAT LUNG CYTOSOL.

Parameter Control Nitrogen dioxide exposed
Animal weight {g) 220 +7 03 +5
Lung weight {g) 0.97 + 0.03 1.20 + 0,02 &%
% of animal weight 0.44 + 0.01 0.59 + 0.01 &

Cytosolic protein

mg/ lung 26.1 + 0.6 3.8 + 11w

mg/g lung 24,9 + 0.2 29,0 + 0.7 ki
G6PDH

U/ lung 4.38 + 0,07 8,57 + 0,37 x*%

U/g lung 4.54 + 0.09 7.16 + 0,27 ##%

Ufg protein 182 +3 247 +7 Rk
GR

U/ lung 1.29 + 0.04 2.13 & 0,07 #=&

U/g lung 1.33 + 0.02 1.78 + 0.06 **&

U/g protein 53 +1 61 + 2 ke
GSHPx

U/ lung 2.92 + 0.11 4.19 + 0.24 **x

/g lung 3.02 + 0.10 3.49 + 0.17 *

V/g protein 121 +9 120 +9

* p < 0,05, #%*% p <0,001 {unpaired Student's t-test).
Units ate defined as umol NADPH formed or used per minute. Values are the mean +

S.EM. of & animals.

Table II summarizes some of the characteristics of the populations of
alveolar macrophages and type II cells, isolated from the lungs of
control or nitrogen dioxide exposed rats. It follows from these
results that a markedly increased number of alveolar macrophages could
be isolated from the lungs of exposed animals (p < 0.00l). Cultures of
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alveolar macrophages derived from these populations showed the same
percentage of phagocytosing cells (Table II).

Type II cell cultures derived from control and nitrogen dicxide
exposed rats contained the same percentage of type II cells, as
determined by staining with phosphine R (Table II).

From light microscopical appearance of these type IT cell cultures it
followed that the remaining percentages consisted mainly of

fibroblasts {data not shown).
TABLE T1

CHARACTTRISTICS OF POPULATIONS OF ALVEGLAR MACROPHAGES (AM) AND TYPE II (ELLS
(tI1) ISOLATED FROM THE LUNGS OF CONTROL AND NITROGEN DIOXIDE EXPOSED RATS (20 +
1 mg NTTROGEW DIOXITE/m>; 4 DAYS).

Parameter Cell type Contreol Nitrogen dioxide
exposed
— mmber of AM 3.64 + 0.18 12.28 + 1.08 #*
iselated cells
10° cells/rat tII 9.27 + 0.47 10.55 + 1.13
- percentage of AM 97.5 + 0.4 97.0 + 0.7

specific cells
in culture tIL 67.5 + 1.5 66.1 + 2.2
at £t =3 daysl)

1)MM: determined by phagocytosis, tII by staining with phosphine R.
** p <0.01.

Table ITI and Figure 1b show differences in biochemical
characteristics between alveolar macrophages as well as type IT cells
isolated from control or nitrogen dioxide exposed rats. G6PDH activity
showed a tendency to be increased in cells from nitrogen dioxide
exposed cells. GR activity showed no significant changes. And GSHPx
activity showed a significant increase in both alveolar wmacrophages
(p <0.05) and type IT cells (p <0.001) when expressed per 108 cells.
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These increases

expressed per gram of protein,

significant (p < 0.05) for alveolar type II cells

dioxide exposed rats.

‘TABLE TIT

in GSHPx activity became less
although the difference was

pronounced

when
still

from nitrogen

ACTIVITTES OF GOFDH, GR AND GSHPx IN ALVEOLAR MACROPHAGES (AM) OR TYPE IT CELLS
(tII} TSOLATED FROM CONTROL QR WITROGEN DIOXIDE EXPOSED RATS (20 + 1 mg NITROGEN

DIOKIDE/m>; & DAYS).

Parameter Cell type Activity Control Nitrogen dioxide
exposed
G6PDH A 1108 cells 2,53+ 0.29 L35+ 033
U/g protein 149  + 19 176 -+ 14
£IT U/10% cells 3.6+ 0.26 435+ 0.24 *
U/g protein 96 + 7 o6 + 8
R M U108 cells  1.27+ 005  1.35+ 0.08
U/g protein 134 +19 134 + 15
1T 0/108 cells  1.66+ 0.24  2.03+ 0.12
U/g protein 53 + 5 53 + 3
GSHPx a w108 cells 3.7 + 0.1 3.98+ 0.12+
U/g protein 367  + 88 501 +87
tI1 0/108 cells 0,52+ 0.06  0.80 + 0.12 %%
U/g protein 2+ 2 N+ 03 *

% p <0.05, ¥ p < 0,001,

Units (I} are defined as pmol NADPH formed

mean + S.E.M. of 5 experiments.
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Finally the results presented in Table IV show that neither alveolar
macrophages mnor type II cells from nitrogen dioxide oxposed rats

demonstrated an increased resistance towards an in vitro exposure to

nitrogen dioxide,

from unexposed rats.

TABLE IV

compared to their respective control cells derived

EFFECT OF IN VITRO EXPOSURE 7O NTTROGEN DIOXIIE ON ALVECLAR MACROPHAGES (AM)
(n = 5) AND TYPE TII CELLS (tII) {n = 5) ISOLATED FROM CONTROL AND NITROGEN
DIOXITE EXPOSED RATS {20 + 1 mg NTTROGEN DIOXTIE/m’; 4 DAYS).

Trypan blue exclusion and phagocytosis are presented as percentages of wnexposed

control wvalues; n.s. = not significant.

Cell type Culture from Nitrogen dioxide Trypan blue Phagpcytosis
control or dose in vitro exclusion % of control
nitrogen dicxide in pg nitrogen % of control
exposed rat dioxide/dish

AM control 3.88 +0.11 69.1 + 42 543 + 3.3
nitrogen dioxide 3.88 + 0.11 0.2 + 4.8 n.s. 599 + 6.0 n.s.
exposed
tIT control 2.23 +0.14 56.6 + 10.6 -
nitrogen dioxide 2,23 + 0.14 63.7 + 13.9 n.s. -
exposed
DISCUSSION
lung homogenates from nitrogen dioxide exposed rats contained

increased activities of G6PDH, GR and GSHPx,

& phenomenon reported

before by Chow et al. (2) and Sagai et al. (3;4). From the observation

presented in this study,
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when expressed per gram lung or per gram of cytosolic protein it
follows that at least part of the increases in lung enzyme activities
were caused by cell proliferation. This alsc follows from the
observation that the number of alveolar macrophages isolated fram the
lungs of nitrogen dioxide exposed rats was significantly greater
(+ 118%, p < 0.01) than the mumber of alveolar macrophages isolated
froe control rats.

The increase in GSHPx campletely disappeared when expressed per gram
of cytosolic protein. This observation differs from data presented by
Sagai et al. (3;4) and Mochitate et al. (12) who reported a 10 to 20%
increase in GSHPx specific activity in the lungs of rats exposed for 4
days to 10 or 4 ppm nitrogen dioxide respectively. However, the data
are in accordance with results reported by Chow et al. (2) who
concluded that in the lung cytosol of rats exposed to 6.2 ppm nitrogen
dioxide for 4 days the activities of G6PDH and GR, but not of GSHPx

were significantly increased over those of umexposed control samples.

Previously published data (7) demonstrated that lungs of ozone exposed
rats contalned increased activities of G6PDH, GR and GSHPx as well, an
observation in accordance with several other studies in the literature
(2;13). Comparison of the changes induced by nitrogen dioxide in this
study on one hand, and by ozone in our previous study, reveals a
camparable effect on G6PDH activity.

This sim{lar biochemical effect is achieved by 4 days exposure to 0.75
ppm ozone (7) or 10.6 ppm nitrogen dioxide, indicating that with
respect to GOPDH induction ozone is about 14 times more effective than
nitrogen dioxide. This difference in reactivity is in accordance with
several other in vivo studies presented in the literature, which
reported ozone to be 10 to 25 times more toxic than nitrogen dioxide
(2; 14; 15; 16).

However, the effect of nitrogen dioxide on GR and GSHPX activity was
different from that of ozone, especially when expressed per gram of
cytosolic protein. This appears from the observation that GR activity
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was significantly enhanced (p < 0.001) and GSHPxX activity showed no
increase upon exposure to nitrogen dioxide whereas ozone expogure was
reported to vresult in an unchanged GR activity but a significantly
{p < 0.001) increased activity of GSHPx per gram of cytosolic protein.
These results polnt to a different mechanism of action of nitrogen

dioxide and ozone in vivo.

Alveolar macrophages and type IL cells isolated from the lungs of rats
exposed to nitrogen dioxide showed no significant change in GR
activity, but increased G6PDH and GSHPx activities. From this it is
concluded that nitrogen dioxide exposure of rats induces biochemical
changes on a cellular level.

Comparison of the blochemical changes in whole lung cytosol on one
hand and isolated lung cells on the other can be made between
activities expressed in the same unit, viz. per gram of protein. G6PDH
activity was increased in lung homogenates from rats exposed to
nitrogen dioxide (p < 0.001l) and showed the same tendency in 1isolated
alveolar macrophages and type II cells. Discrepancies occur with
respect to GR activity — induced in whole lung homogenates but not on
a cellular basis — and with regard to GSHPx activity — increased on a
cellular basis but not per gram of cytosolic whole lung protein -,
These discrepancies must probably be ascribed to wunknown, additional
changes in lung cell populations of nitrogen dioxlde exposed rats.

In addition it appeared, using an in vitro nitrogen dioxide exposure
system, that neither alveolar macrophages nor type II cells derived
from nitrogen dioxide exposed rats showed an iIncrease in their
resistance towards nitrogen dioxide. This in spite of their
significantly increased GSHPx activity.

These results clearly indicate that the nitrogen dioxide induced
elevation of cellular GSHPx activity is not related to an increased
cellular resistance wversus the oxidative compound. The same conclusion

hag recently been drawn for the ozone Induced elevation of cellular
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GSHPx activity which was even far more pronounced than the induction
evoked by nitrogen dioxide (7). However, as also stated before (7), it
can not be concluded that the Increased enzyme activity is merely a
non-gpecific response of thege lung cells to nitrogen dioxide. This
because it can not be excluded that some specific cellular function
which is not of prime importance for the survival of Individual cells,
but which might be of importance for the resistance of the whole lung
{p/e surfactant synthesis), benefits by the increased glutathione
patlway enzyme activities.
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SUMMARY

Cells of an alveolar type II cellline"(A549) were exposed to ozone, using
an in vitro exposure model. In this study, attention was focussed on the
cellular glutathione system, It was demonstrated that cellular levels of both
reduced (GSH) and oxidized glutathione (GSSG) were significantly reduced
after exposure of the cells to ozone. When A549 cells were incubated with
methionine sulfoximine and diethyimaleate, glutathione levels were depleted,
and the cells showed a marked increase in sensitivity towards ozone, Some of
the possible mechanisms by which the observed effects might be explained
were investigated. It was shown that glutathione lost from the cells was not
incorporated into “mixed disulfides”, but could be detected in the sur-
rounding medium. Furthermore, it was shown that A549 cells do not contain
any detectable glutathione peroxidase activity. Therefore it was concluded
that glutathione peroxidase-catalysed reduction of lipid peroxides could not
be responsible for the observed protective role of glutathione. Finally some
other mechanisms by which glutathione might accomplish its antioxidant
effect are discussed.

Keywords: Ozone; Glutathione; ‘“Mixed disulfides’ Slutathione peroxidase;
In vitro

INTRODUCTION

Glutathione is one of the cellular reducing substances and might play, as

*To whom sll correspondence should be addressed.
Abbreviations; DEM, diethylmaleate; GSH, reduced glutathione; GS8G, oxidized gluta-
thione; MSO, methionine sulfoximine; OPT, o-phtalaldehyde,
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such, an important role in the defense mechanism of cells against damage
by the oxidative air pollutant ozone.

In vivo it was demonstrated that the glutathione level of erythrocytes
from mice [1] and men [2] exposed to ozone, was reduced. In addition it
was reported that the non-protein sulfhydryl level (representing mainly
glutathione) of rat lung (3] and the glutathione level of mouse lung [4]
decreased after exposure of the animals to ozone.

Based on short-term in vivo experiments a mechanism was suggested in
which glutathione might function in the enzymatic detoxification of fatty
acid hydroperoxides formed as a result of ozone-induced lipid peroxidation
[5]. This hypothesis is based primarily on the abservation that the activities
of GSH peroxidase, GSS8G reductase, glucose.6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase of rat lungs increased above their
respective controls after several days of exposure of the rats to ozone.

Furthermore, it was shown that during the exposure of rats to relatively
high concentrations of ozone, glutathione became bound to lung tissue
protein suifhydryl groups, which resulted in the formation of ““mixed disul-
fides” [6]. Thus glutathione might protect cellular sulfhydryl groups from
irreversible oxidation by ozone or its oxidative initial product(s).

In addition in vitro studies by Menzel [7] showed that GSH in solution
was oxidized as a consequence of exposure to ozone, indicating that gluta-
thione might possibly protect cells from ozone intoxication by scavenging
the oxidative compound(s).

In this study, the possible role of glutathione in the defense mechanism
of cells against ozone damage was investigated using an in vitro system in
which cell cultures can be exposed to ozone [8].

An advantage of the cell model is that biochemical changes of homo-
geneous cell populations can be studied, which eliminates one of the prob-
lems encountered by measurements using in vivo exposed lung tissue, namely,
whether biochemical changes should be ascribed to real metabolic changes
and/or to loss, proliferation or replacement of certain cell types in the lung
with different biochemical characteristics {9].

METHODS

Cell culture

Cells of the alveolar type Il cell-line A549 were cultured in Ham’s F10
medium (Flow, Irvine, Scotland), supplemented with NaHCO, (1.2 g/l},
10% newborn calfserum (Gibeco, Glasgow, Scotland), 50 IU/1 of penicillin
{Gist-Brocades, Delft, The Netherlands), and 50 mg/l streptomycin (Specia,
Paris, France) in T7H-cm? tissue culture flasks (Costar, Cambridge, MA,
USA) at 37°C in a humid atmosphere containing 5% CO, in air. Before
use, cells were dislodged with a 0.25% trypsin solution (Difco, Detroit, MI)
and 0.05% EDTA (Merck, Darmstadt, F.R.G.).

For each experiment approximately 2 X 10° cells were plated onto a
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plastic film dish (Petriperm, Heraeus, Hanau, F.R.G.) with a 25-um teflon
bottom and a growth area of 18 cm?.
Cells were cultured for 3 days until a confluent monolayer was obtained.

Exposure to ozone

Before exposure, fresh medium without serum was added to the cells and
the dishes were closed in such a way, that no ozone entered the dish except
by diffusion through the teflon bottom,

Cells were exposed to ozone as previously described [8], Briefly, culture
dishes were placed in a 36 litre perspex fumigation box at 37°C. The inlet
gas mixture contained 85% N, 5% CO, 10% O, and an experimental
amount of ozone. The total exposure period, including the time needed
for increase and decrease of the ozone level was 2.5 h. The ozone dose in
the plastic film dishes was measured using the indigo disulfonic acid method
[10].

Trypan blue exclusion

The viability of the cells was assessed by counting the number of trypan
blue excluding cells out of 400, 5—10 min after addition of trypan blue
(BDH Chemicals, Poole, England) (0.5% final concentration).

GSH and GSSG

Glutathione, both the reduced and the oxidized form, were measured by
the method of Hissin and Hilf [11] with slight modifications. Cells were
disrupted in phosphate-EDTA buffer by freezing (in liquid N,) and thawing
at 37°C, which was repeated twice. No HPO; was added , but omission of
this protein precipitant did not influence the measurement of GSH or GS8G
in these cell preparations.

Although the validity of this o-phtalaldehyde {OPT) method of Hissin
and Hilf [11] for the estimation of GSH is generally accepted [12], its ac-
curacy to determine GSSG in biological samples is still under discussion
[13,14]. Dowex-1 formate chromatography of an A549 sample, carried out
as described by Beutler and West {13], resulted in an elution pattern with
only 25—30% of the OPT-reactive material washed through the column
before application of the sodium formate gradient instead of the 80—85%
reported by Beutler and West [13]. So disturbance of the OPT-GSSG
measurement in these cell samples apparently is not as pronounced as
described for the liver extract [13].

Although the method cannot be used to determine absolute cellular
GSSG amounts, it can be used to detect whether chenges in GSH values
are accompanied by concomitant changes in GSSG levels, because these
changes will be independent of OPT-reactive compounds not identical with
GSSG,
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Mixed disulfides

Mixed disulfides were assessed by treating cell homogenates prepared as
described ahove, with sodium borghydride, This borohydride reduction was
carried out as described by De Lucia et al. [6] . Mixed disulfide levels can be
calculated, as the difference in the total glutathione level of the borohydride
treated preparation and an untreated control sample,

Glutathione efflux

When GSH and GSSG levels had to be measured in the covering medium,
cells were exposed to ozone in the presence of a salt solution (sol A) con-
taining 5.5 mM glucose/125 mM NaCl/5 mM KCl/2.5 mM Na,HPO, /2.5 mM
CaCl; /1.2 mM MgSO, and 17 mM HEPES (pH 7.4) instead of culture medium
without serum.,

This was necessary because components of the medium like phenol red,
and some amino acids, present at relatively high concentrations compared to
the expected small amounts of GSH and GSSG, may disturb the measure-
ments [11], and secondly, to prevent the synthesis of extra glutathione from
amino acid precursors in the medium during the time of exposure [15].

Glutathione depleted cells

AB549 cells were depleted of glutathione by treating them with methionine
sulfoximine (MSO) and diethylmaleate (DEM) as follows; A549 cells were
grown for 3 days in petriperm dishes as described above, in the presence of
5.0 mM MSO (Sigma, St. Louis, U.S.A)), which is known to inhibit v-
glutamyl cysteine synthetase [16]. That MSO may also inhibit glutamine
synthetase [16] is not of importance, because the glutamine concentration
in the medium was 1.0 mM.

One hour before exposure of these cells to ozone, sol A supplemented
with 5.0 mM MSO and 0.16 mM DEM (Riedel-de Haén, Hannover, F.R.G.)
was added to the cells, DEM is known to react with intracellular GSH [17].
Scl A instead of medium was used for the same reasons as mentioned above.

GSH peroxidase activity

GSH peroxidase activity was measured according to Lawrence and Burk
[18] in 50 mM imidazole buffer (pH 7.0) and with hydrogen peroxide as
substrate,

Cell homogenates were prepared as described above.

Statistical analysis of data
Data are presented as mean * standard error of the mean, and statistical
analysis was carried out using the paired Student’s ¢-test.

RESULTS

Reduction of glutathione levels of cells exposed to ozone
After exposure of cells to ozone, cellular levels of both G8H and GSSG
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Fig. 1. Effect of ozone on the glutathione levels of A549 cells, exposed to 10 + 2 nmol
0,/dish/2.5 h(n = 4) or to 23 + 2 nmo! 0,/dish/2,5 h (n = 5). *P < 0.05; **P < 0.01.

were reduced by approximately 20—35% in A549 cells (Fig. 1). Incubation
of a homogenate of ozone exposed AB49 cells with borohydride, known to
release GSH from mixed disulfides, did not result in the recovery of the
glutathione lost from the cytoplasm of exposed cells (Fig. 2). This is in

GSH + GSSG
% of control {-03)
1007 untreated BH, - treated
50
0

23 23
rmol 0;/dish /25 h

Fig. 2. Determination of glutathione incorporation into mixed disulfides during exposure
of A549 cells to ozone. Cells were exposed to 23 £+ 2 nmol 0,/dish/2.5 h (» = 3). Half of
each homogenate was incubated with borohydride (= BH; -treated the other was incubated
at 37°C without BH] (= untreated).
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TABLE I

GLUTATHIONE LEVELS IN OZONE EXPOSED AND UNEXPOSED A549 CELLS
AND IN THE CULTURE MEDIUM

Ozone dose was 29 t 2 nmol/dish/2.5 h (n = 5).

Parameter Sample In the In the Total/
+0, cells/dish® medium/dish dish

GSH — 284 3.1 6.1+1.5 346+29
In nmol + O, 15.6 £ 4 .4%% 13.3 £ 2, 7%* 28.9 £ 2.9**
G88G - 28105 51%0.6 7.9+0.8
In nmol + 0, 1.3 £ Q.5%%* 8.4 £ Q. 4¥** 9.7 £0.7%*
GSH + G88G - 340386 16,3 2.4 50.3 £3.6
In nmol + O, 18.2 + 5.2%* 30.1 £ 3.1%%* 48.3#3.8 ns.

GSH

equivalents
2Calculated as 10* cells/dish X nmol glutathione/10°® cells,
*p < 0.01.
*¥*#+P < 0.001,

accordance with the observation presented in Table 1, that almost the whole
decrease in the level of GSH and GSSG in the cells could be accounted for
by the observed increase in GSH and GSSG in the medium covering the cells.
A considerably lower but still substantial efflux of both glutathione forms
was observed for the control A549 cells (Table I). Furthermore, when the
amount of trypan blue excluding cells was compared to the cellular remainder
of GSH and GSSG - all parameters expressed as percentages of these values
in control cells (Fig. 3) — it can be seen that even if all GSH and GSSG had
leaked out of the cells that failed to exclude trypan blue, this would not
account for the observed decline in cellular levels of GSH and GSSG.

Ozone sensitivity of glutathione depleted cells

In order to examine the possible role of glutathione in the defense mecha-
nism of cells against damage by ozone, the ozone sensitivity of cells, whose
glutathione level was reduced by incubation with MSO and DEM (Fig. 4a},
was compared to the ozone sensitivity of untreated cells. MSO/DEM treated
control cells did not differ from untreated, unexposed A549 cells with
respect to their light microscopical appearance or trypan blue exclusion
{data not shown), but from Fig. 4b it can be seen that glutathione depleted
cells showed an increased sensitivity towards ozone. Cell survival amounted
to 86% in the untreated as compared to 36% in the MSO/DEM treated cells,
The trypan blue exclusion figures amounted to 91% and 56%, respectively.
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Fig. 3. Comparison of trypan blue exclusion and glutathione left in A549 cells after ex-
posure to ozone (27 + 2 nmol 0,/dish/2.5 h) (n = 13), ***P < 0,001,

Glutathione peroxidase

No activity of glutathione peroxidase, which is supposed to catalyse the
detoxification of fatty acid hydroperoxides [5], could be detected in the
AB49 cells.

DISCUSSION

AB549 cells appeared to release both GSH and GSSG to the extracellular
space, a phenomenon also observed in other cultured cell types like isolated
hepatocytes [19], erythrocytes [20], cultured human lymphoid cells [21]
and human diploid fibrohlasts [22]. This cellular release of glutathione is
considered to be a normal cellular function, probably representing the initial
step in the degradation of glutathione [23].

Exposure of cells to ozone resulted in a significant reduction in the
cellular level of both GSH and GSSG, mainly caused by an increased efflux
of both forms of glutathione out of the exposed cells, and not by the incor-
poration of GSH into mixed disulfides.

The mechanism of the increased efflux of GSH and GSSG from ozone
exposed cells is still unclear. The following hypotheses may be envisaged: (a)
leakage of both GSH and G8SG through damaged cell membranes; () trans-
port of both GSH and GSSG; and/or (c¢) the enhanced excretion of only one
of the glutathione forms, the other being lowered because the intracellular
GSH/GSSG ratio was balanced.

It cannot he excluded that the reduction in cellular glutathione is com-
pletely caused by the leakage out of damaged cells. However, the amount of
trypan blue excluding cells was significantly higher than the cellular re-
mainder of GSH and GS88G after exposure of the cells to ozone. From this it
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Fig. 4. (a} Percentages of glutathione left in A549 cells after treatment with MSO and
DEM (n = 4). (b) Sensitivity of glutathione depleted (= MSQ/DEM treated) and un-
treated A549 cells towards ozone. The ozone dose amounted to 25 = 2 nmol Q,/dish/
2.5 h {n = 4). Cell survival and trypan blue exclusion are presented as percentages of
unexposed cantrols. **2 < 0.02,

was coneluded that even if all GSH and GSSG had leaked out of cells that
failed to exclude trypan blue, this would not account for the observed
decline in cellular levels of both forms of glutathione. And this observation
provides some support to the hypothesis that at least part of the reduction
in cellular glutathione levels after exposure to ozone must be ascribed to a
specific transport mechanism. )

In several studies reported in the literature [24] an increased release of
GSSG from cells exposed to ‘“‘oxidative stress’’ factors other than ozone
(e.g. H,0,, organic peroxides) was found. This release might be mediated by
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some active transport mechanism [20]. Such an increased efflux of GSSG
from cells exposed to “‘oxidative stress’” is consistent with the results ob-
tained in this study. The increase in GS8SG in the medium covering the ozone
exposed cells was higher than might be expected if both glutathione forms
had leaked out of the cells proportional to their intracellular ratio.

It has also been suggested that the increased GSSG efflux from cells under
oxidative stress might be a consequence of increased intracellular GS8SG
production by the action of glutathione peroxidase [19; 247, With respect to
ozone, such a mechanism of glutathione efflux might correspond very well
with the mechanism described by Chow and Tappel [5], which implies that
glutathione becomes oxidized in the glutathione peroxidase catalysed re-
duction of toxic fatty acid hydroperoxides, formed as a consequence of
ozone induced lipid peroxidation.

However, the data reported in the present study do not support this
hypothesis as A549 cells do not contain a detectable amount of glutathione
peroxidase activity.

Therefore the present study does not provide support for the mechanisms
proposed in the literature and referred to above: no mixed disulfides could
be detected after exposure of the cells to ozone, and the observed role for
intracellular glutathione in the protection of AB49 cells against ozone
could not be ascribed to the GSH peroxidase catalysed reduction of lipid
peroxides. This is in accordance with several reports in literature which show
that the increased activities of the enzymes of the glutathione system do not
necessarily run parallel to the resistance of animals to ozone [25].

Since it was clearly demonstrated by the increased sensitivity of MSO/
DEM-treated A549 cells, that glutathione plays a role in the defense mecha-
nism of cells against the toxic action of ozone, the results are compatible
with the hypotheses that : (i) glutathione acts as a direct scavenger of ozone
or its oxidative initial product(s); and/or that (ii) glutathione is a prere-
quisite for the regeneration of other cell components, oxidized as a con-
sequence of exposure to ozone, Such a component might be vitamin-E [9],
which was shown to protect cells in vitro from intoxication by ozone in
previous experiments (26].

To elucidate the observed role for glutathione in the defense mechanism
of cells against ozone toxicity, studies are continued.
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CHAPTER 8

A STUDY ON THE MECHANISM OF GLUTATHIONE MEDIATED
PROTECTION IN LUNG CELLS EXPOSED TO OZONE IN VITRO

I.M.C.M. RIETJENS, M.C.M. POELEN, D. JONKER, G.M. ALINK and J.H.
KOEMAN

ABSTRACT

The results of the present study demonstrate that the protective role
of glutathione in A549 cellg exposed to ozone in vitro is not medlated
by a glutathione dependent regeneration of oxidized ©—tocopherol
(vitamine E).

This conclusion is based on the following results.

First, glutathione depleted cells did not show a decreased cellular
level of o~tocopherol after ozone exposure. Secondly, vitamin E
supplementation did mot diminish the increased ozone sensitivity of
glutathione depleted cells. Furthermore the increased ozone sensitivi-
ty of glutathione depleted cells was less pronounced after cellular
vitamin C supplementation.

The above data indicate that part of the protective role of gluta—
thione 1s achleved by its action as a direct scavenger of reactive
initial and/or intermediate species.

Additional experiments in which cellular levels of reduced (GSH) and
oxidized (GSSG) glutathione were determined in control and ozone
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exposed cells, either pretreated or untreated with a specific inhibi-
tor of glutathione reductase, BCNU (= 1,3-bis(2-chlorcethyl)-1-
nitrosourea), demonstrated that the geavenging action of glutathione
in ozone exposed cells is not accompanied by oxidation of a
substantial percentage of intracellular GSH to GSSG.

Hypotheses for the mechanism of glutathione dependent scavenging of
reactive intermediates, which are compatible with the results presen—
ted are 1) the involvement of few reactive intermediates with regard
to the cellular GSH content in ozone induced cell damage, resulting in
undetectable GSSG formation or ii) the regeneration of the glutathione
free radical G5* by other cellular electron donors to G and its
protonated form GSH, which excludes its recombination with another GS°
to give GSSG.

INTRODUCTTON

Glutathione (GSH) iz one of the cellular reducing subgstances and plays
a role in the defense mechanism of cells exposed to ozone. This
follows from the observation that cells artificially depleted of
glutathione, show an Increased sensitivity towards ozone (Rietjens et
al., 1985a).

Several hypotheses for the protective action of GSH against ozone have
been proposed in the literature. These include i) glutathione peroxi-
dase catalyzed detoxification of fatty acid hydroperoxides, possibly
formed upon ozone induced 1lipid oxidation (Chow and Tappel, 1973), 11)
formation of mixed disulfides between glutathione and cellular sulf-
hydryl groups, which may prevent the irreversible oxidation of these
sulfhydryl groups by ozone (De Lucia et al., 1975), iii) glutathfone
dependent regeneration of vitamin E ( o —tocopherol), possibly
oxidized after the scavenging of reactive free radicals and/or other
ozone Iintermediates (Menzel, 1970; Pryor, 1976; Mustafa and Tiermey,
1978) and iv) a direct scavenging of reactive initial and/or inter-
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mediate products by glutathione (Rietjens et al. 1985a).

Previous experiments demonstrated that the glutathione dependent
protection of cells against ozone cannot be ascribed to the gluta-
thione peroxidase catalyzed reaction, as 1) A549 cells, which show an
inqreased ozone sensitivity upon glutathione depletion, do not contain
a detectable glutathione peroxidase activity (Rietjens et al., 1985a}
and 11) alveolar macrophages and type IT cells, isclated from the
lungs of czone exposed rats did not show an increased resistance
towards ozone In spite of a markedly increased glutathione peroxidase
activity (Rietjens et al., 1985b).

In addition ozome exposure was not accompanied by a significant incor-
poration of glutathione into mixed disulfides (Rietjens et al.,
1985a). Therefore the protective action of glutathione may be best
explained by hypotheses iii) and iv) mentioned above.

The objective of the present study was to determine the contribution
of each of these hypothetical mechanisms to the glutathione mediated

protection of ozone exposed cells.

MATERTALS AND METHODS

Cell culture

Cells of the alveclar type II cell-line A549 were cultured in Ham's
F10 wedium (Flow, Irvine, Scotland), supplemented with NaHCO; (1.2
g/1), 10% newborn calf serum (Gibco, Glasgow, Scotland), 50 IU/1 of
penicillin (Gist-Brocades, Delft, The Netherlands), and 50 mg/1 strep4
tomycin (Specia, Paris, France) in 75 cm? tissue culture flasks
(Costar, Cambridge, Mass. USA) at 37°C in a humid atmosphere
containing 5% €O, in air. Before use, cells were dislodged with a
solution containing 0.25% trypsin (Difco, Detroit, Mich. USA) and
0.05% EDTA (Merck, Darmstadt, West Germany).

For each experiment approximately 2.105 cells were plated onto a

plastic film dish (Petriperm, Heraeus, Hanau, West Germany) with a 25

157



2

um teflon bottom and a growth area of 18 cm®. Cells were cultured for

3 days until a confluent monolayer was obtained.

Exposure to ozone

Cells were exposed to ozone as described before (Alink et al., 1979;
Rietjens et al., 1985a) in the presence of a balanced salt sclution
(sol A) containing 5.5 mM glucose/125 mM NaCl/5 mM KC1/2.5 mM
Naz}[PO4/2.5 oM Ca012/1.2 mM MgSO, and 17 mM HEPES pH 7.4,

The amount of ozone which diffused through the teflon film into the
dish was measured using the indigo disulfonic acid method (Guicherit
et al., 1972),

Parameter for ozone toxicity

Cell survival, expressed as percentage of the unexposed control, was
calculated as the product of viability and cell mumber. Viability of
the cells was assessed by counting the mumber of trypan blue excluding
cells out of 400, 5-10 minutes after addition of trypan blue (BDH
Chemicals Poole, England) (0.5% final concentratiom).

Biochemical Parameters

GSH and GSSG were measured as described before (Rietjens et al.,
1985a), by the method of Hissin and Hilf (1976).

Glutathione reductase {(GR) activity was measured as described by
Racker (1955). Cells were disrupted by freezing in liquid nitrogen and
thawing at 37°C, which was repeated twice.

Glucoge 6-P-dehydrogenase (G6PDH) activity was measured using a
Boehringer test-combination (Boehringer, Mannheim, West Germany).

Modification of cellular levels of glutathione, glutathione reductase,
vitamin E or vitamin C

A549 cells were depleted of glutathione by treating them with
methionine sulfoximine (MSQ) (Sigma, St. Louis, USA) and diethyl-
maleate (DEM)} (Riedel-de Ha#n, Hannover, West Germany). A549 cells
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were grown for 3 days in petriperm dishes in the presence of 5.0 mM
MS0, which is known to inhibit vy -glutamyl-cysteine synthetase
(Meister, 1983). — That MSO may also inhibit glutamine synthetase 1s
not of importance, because the glutamine concentration in the medium
was 1.0 wM -. Before exposure to ozone, cells were preincubated for
2.5 h with 5.0 mM MSO and 0.15 mM DEM in sol A, washed and exposed to
ozone in the presence of sol A without additional MSO and DEM. DEM is
known to react with intracellular GSH (Boyland and Chasseaud, 1967).
Incubation of A549 cells with MSO/DEM was shown to reduce cellular
glutathione levels significantly (Rietjens et al., 1985a).

Cellular GR activity was inhibited by treating the cells with 0.1 mM
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU){Bristol-Meyers, Syracuse,
New York, USA) in sol A, for 30 minutes at 379C. BCNU is known to
cause a relatively selective, irreveraible and almost complete
deficiency of cellular GR activity (Frisher and Ahmad, 1977; Shinchara
and Tanaka, 1979; McKenna et al. 1983; Ekldw et al., 1984). Inhibition
seems to be caused by binding of an isocyanate derivative to the thiol
group{s) at the active site of the enzyme (Babson and Reed, 1978).
Cells were washed and exposed to ozone in the presence of sol A
without additional BCNU.

Cellular levels of G-tocopherol {(vitamin E) were Increased by
culturing the cells in the presence of vitamin E for 2 days. A stock
solution of D1- ¢ ~tocopherol (Merck, Darmstadt, West Germany) was
made in ethanol (10 mg/ml) and diluted in Ham's F10 medium. Before
exposure, cells were preincubated for 2.5 h in the presence of vitamin
E in sol A, washed and then exposed to ozone in the presence of sol A
without additional vitamin E.

Cellular levels of ascorbic acid (vitamin C) were increased by incuba-—
ting the cells for 2.5 h at 37°C in the presence of L-ascorbic acid

{Merck, Darmstadt, West Germany) in sol A at pH 7.4. Cells were washed
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and exposed to ozone in the presence of sol A without additional

vitamin C.

o ~Tocopherol content of comtrol and glutathione depleted cells

The effect of ozone on cellular «-—tocopherol levels was determined in
A549 cells preincubated for 2 days with 23 yM a-tocopherol and
treated or not with MSO/DEM to deplete cellular glutathione levels.
The cells were exposed to ozone in the presence of 10 ml sol A and
collected after exposure by scraping them from the dishes. Cells were
disrupted by freezing in liquid nitrogen and thawing at 37°C which was
repeated twice. @—-Tocopherol was extracted from the pooled cell
samples of two dishes (2 ml) with 9.5 ml chloroform: MeOH (2:1),
following the method described by Folch et al. (1957) and Desai
(1980). Reduced a-tocopherol was measured fluorometrically in ethanol
with Aexcitation = 295 nm and A emigsion = 340 am (Duggan, 1959;
Desai, 1980).

The validity of this method for the measurement of diminished levels
of cellular o -tocopherol has been demonstrated recently by the
detection of significantly reduced @ —tocopherol levels in nitrogen
dioxide exposed cells. (Rietjens et al. in press).

Statistical amalysic of data

Data are presented as mean + standard error of the mean, and statisti-

cal analysis was carried out using the paired Student's t—test.

RESULTS

Effect of ozone on ¢ —tocopherol in normal and glutathione depleted
A549 cells

From the results presented in Table 1 it follows that exposure of A349

cells to ozone did not affect their cellular © —tocopherol content.
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Moreover, glutathione depleted cells also did not lose a detectable
amountof their o ~tocopherol content during exposure to ozone (Table
1).

TABLE 1. EFFECT COF OZONE (35 + 2 NMOL OJIDISH} ON THE o -TOCOPHEROL CONTENT OF
CONTROL AND GLUTATHIONE DEPLETED (= MSO/DEM-TREATED) A549 CELLS.
All cells were preincutated with 23 M o -tocopberol for 2 days to
achieve a detectable cellular a—tocopherol content.

n.s. = not significant

cells mnol ortocopherol / 106 cells
-0 + 04
control 1.62 + 0.13 1.50 + 0.14 n.5.

glutathione depleted 1.89 + 0,22 1.88 + 0.16 nas.

Influence of vitamin E or vitemin C supplementation on the increased

ozone sensitivity of glutathione depleted cells

From Figure 1 it can be seen that vitamin E protected both glutathione
depleted and control cells from damage caused by ozone. By increasing
the vitamin E concentration of the preincubation medium from 0.5 to
116 uM, cell survival after ozone exposure was increased from 55 + 8%
to 90 + 4%  (p < 0.01) for control and from 21 + 5% to 59 + 6%
(p < O01) for glutathione depleted cells.

However, the difference in ozone sensitivity between untreated and
glutathione depleted cells could not be reduced by elevation of the
cellular vitamin E content. The difference in cell survival between
control and glutathione depleted cells amounted to 34%, 34%, 29% and
31% at 0.5, 0.8, 23,2 and 116 UM vitamin E respectively.
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Figure 1. Protective action of vitamin E on control {—e-) and glutathicne
depleted (-0-) A549 cells, exposed to ozone (16 + 1 nmol
04/dish).

* = p < 0.01, ¥ = p <0.05 (n = 6).

Vitamin C also protected both normal and glutathione depleted cells
from damage caused by ozone (Figure 2). By raising the vitamin C
concentration during the preincubation from 0.001 to 10 mM, cell
survival after exposure to ozone was increased from 58 +4% to 88 +3%
(p < 0.01) for control and from 28 + 7% to 77 + 4% (p < 0.01) for
glutathione depleted cells.

Thus, in contrast to vitamin E, vitamin C enrichment of the cells
partly abolished the increased ozone sensitivity of glutathione de-
pleted cells (Figure 2). At vitamin C concentrations of 0.001, 001, 1
and 10 mM, the difference in cell survival after ozone exposure
between control and glutathione depleted cells amounted ta 30%, 30%,
15% and 11%, respectively. The difference of 11% at 10 mM vitamin C
was significantly smaller than the 30Z at 0.001 mM (p < 0.05).
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Figure 2. Protective action of vitamin C on control (~e) and glutathione
depleted (-o-) A549 cells exposed to ozone (18 + 2 mmol 03/dish).
#% = p <0.0L (n= 6).

The data presented in Table 2 demonstrate that vitamin C supplementa-
tion of the cells does not affect the lewel of glutathione depletion
in these cells by MSO/DEM treatment. The percentage of GSH left after
MSO/DEM treatment amounted to 42% for control (0.001 mM vit C in
pretncubation) and 41% for vitamin C supplemented cells (10 mM vit C
in preincubation). For GSSG these values amounted to 81% and 72%
respectively.

Influence of ozone on A549 cells with fnactivated glutathionme
reductase (GR)

A549 cells treated with BONU showed a marked decrease in their GR
activity: GR activity in BCNU treated cells amounted to anly 5%
(p <0.00l) of the activity in umtreated control cells (Table 3). The
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TABIE 2. INFLUENCE OF VITAMIN { PRETNCUBATION (2.5 hour, O0.001 mM = control or
10 mM = vit C supplemented), ON GLUTATHIONE DEPLETION TN AS49 CELLS,
ACHTEVFD BY TNCUBATTION WITH MSO/DEM.

** p <0.01, * p <0.095, n.s. = oot significaut {n = &)

parameter control vit C supplemented
(0.001 mM vit C) (10 mM vit C)

ol GSH/10% cells

control 25.0+ 2.6 21,3 + 2.0 n.s.
glutathione depleted 10.3 + 2.6 8.7+ 0.8 NaSe
(= MS0/DEM-treated) k *k

mmel G58¢/10% cells

control 3.7+ 05 4.7 + 0.5 n.8.
glutathione depleted 3.0+ 0.5 3.4+ 0.4 n.5.
(= MS0/DEM-treated) TS,

cellular level of reduced glutathione and the activity of GOPDH, an
enzyme which also has a thiol group at the active site, showed no
significant change after incubation of the cells with BCNU (Table 3).

From the results presented in Table 3 it can be seen that the BNU
treated cells showed no increased sensitivity towards ozone. Further-
more, the changes in cellular GSH and GSSG levels after exposure of
the cells to ozone, were the same for both BCNU treated and untreated
control cells {Table 3). Neither in control, nor in BCNU treated cells
a substantial intracellular oxidation of GSH to GSSG after exposure to

ozone was found (Table 3).
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TABLE 3. SPECIFIC INHIBITION OF GLUTATHIONE REDUCTASE (GR) ACTIVITY OF AS549
CELLS BY TREATMENT WITH 0.1 mM 1,3-BIS({2-CHLOROETHYL)-1-NITROSOUREA
(BCNU} FOR 30 MINUTES AT 37°C, AND THE EFFECT OF SUBSEQUENT OZONE
EXPOSURE (16 + 2 NMOL 03flJISH) ON GLUTATHIONE IEVELS AND SURVIVAL OF
THESE CELLS WITH INACTTVATED GR.
k% = p ¢0.001, ** =p <001, *=p< 005 ns = not significant

(n = 6)
paraneter + 04 control BCNU
cells treated cells
GR
{mol NADPH oxidized/ - 1.89 + 0,06 0.09 + 0,01k
min/lDB cells
GEPDH
jmol NADPH reduced/ - 1.92 + 0.12 1.90 + 0.08 .5,
min/107 cells
GSH - 22.8 + 3.3 21.7 + 3.9 n.s.
m01/10° cells +03 10,2 #4103 £2.0 ns.
o ok
G356 - 1.8 + 0.2 1.6 +0.2 ns.
1'111101/'106 cells + 03 1.1 + 0.1 1.0 + 0.1 NeS.
* *
cell survival + 0q 5.8 + 2.6 37.2 +5.9 n.8.

after Oy exposure
% of control (= -0q)

DISCUSSION

Glutathione depleted A549 cells demonstrated an increased sensitivity
towards ozone, a phenomenon reported before, and demonstrating the
Involvement of glutathione in the cellular defense against ozone
(Rietjens et al., 1985a).

Previous results (Rietjens et al., 1985a) also demonstrated that the
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protective role of glutathiome could not be ascribed to the gluta-
thione peroxidase catalyzed detoxification of 1lipid hydroperoxides as
suggested by Chow and Tappel (1973), or to formation of mixed disul-
fides protecting thiol groups against irreversihle oxidatiom by ozome,
as was put forward by De Lucla et al. (1975).

As shown in the present study the increased ozone sensitivity of
glutathione depleted cells can alsoc not be ascribed to an impairment
of a possible glutathione mediated G—tocopherol regeneration in these
cells. This eliminates a third hypothesis for glutathione dependent
protection against ozone. Clear evidence for this conclusion follows
from the observation that the g-tocopherol level of glutathione
depleted cells was not affected following exposure of the cells
towards ozone. A secord line of evidence followed from the observa—
tion that vitamin E supplementation of glutathione depleted cells did
not diminish the increased ozone sensitivity of the cells. Both pheno—
mena should have been observed when an impaired regeneration of ¢~
tocopherol, resulting in a reduced cellular level of the antloxidant,
would have been the main cause of the Increased ozone sensitivity of
glutathione depleted cells.

Recently Hill and Burk (1984), using an ascorbate iron microsomal
lipid peroxidation system, presented evidence from which it was
concluded that a GSH dependent radical scavenging system and 0. -
tocopherol function independently to protect the microsomal membrane
from free radical attack. Their findings are compatible with the
results of the present study.

In contrast to vitamin E supplementation cellular vitamin C supplemen—
tation resulted in a decreased difference in cell survival after ozone
exposure between control and glutathione depleted cells. This
indicates that part of the antioxidant function of glutathione in lung
cells exposed to ozone could be taken over by another cellular water
soluble antioxidant, vitamin C.

The foregoing results strongly suggest that the protective action of
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glutathione in ozone exposed cells is achieved by its action as a
direct scavenger of reactive initial and/or intermediate species
(hypothesis iv).

This scavenging action of glutathione may be accompanied by its oxida-
tion to the disulfide form GSSG. This could occur either i) by combi-
nation of the glutathione free radical G5 - formed upon the reaction
of GSH with a free radical Intermediate -, with another GS  (Pryor,
1976) and/or by 1i) direct oxidation of GSH by ozone (Menzel, 1971) or
perhaps an ozonide intermediate (Menzel et al., 1975).

In this study GSH and G5SG levels were determined in control and ozone
exposed cells either treated or untreated with BCNU. BCNU treatment
resulted in a specific 95% inactivation of the glutathione reductase
activity of the cells, a phenomenon also observed in human platelets
(McKenna et al., 1983) and red blood cells (Shinohara and Tanaka,
1979; Frisher and Ahmad, 1977), and In rat hepatocytes (Ekliw et al.,
1984) treated with BCNU.

Such an extreme inhibition of glutathiome reductase activity has been
shown to result in an insufficient reduction of GSSG to GSH in the
cytoplasm of cells exposed to GSSG forming, oxidative stress factors.
Exposure to diamide, t-butyl hydroperoxide, benzylamine or hexobarbhi-
tal resulted in a decreased intracellular GSH content and an increased
intracellular and/or medium GSSG content for exposed, BCNU treated
cells as compared to exposed, non—BCNU treated cells (Ekléw et al.,
1984). Such a result was not observed in the present study.

Exposure to ozone led to changes in glutathione contents of BCNU
treated cells that were similar to the changes in ozone exposed
untreated cells: a decrease of both oxidized and reduced glutathione
was observed, which is known to be caused by their leakage and/or
active tramsport to the surrounding medium (Rietjens et al., 1985a).
Hypotheses compatible with these results, which show no increased GS85G
formation in ozone exposed cells, are 1) the involvement of a
relatively low level of intermediates compared to the cellular GSH
content in ozone induced cell damage, and thus in an undetectable GSSG
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formation or 1f) the regeneration of the glutathione free radical GS*
by other cellular electron donors to GS and its protomated form GSH,
which excludes the formation of GSSG from GS* with another GS§' (Forni
and Willson, 1983).

In any case the present results show that ozone apparently does not
impose the same type of oxidative stress on the cells as the compounds

mentioned above.
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CHAPTER Y

THE ROLE OF GLUTATHIONE AND GLUTATHIONE
S-TRANSFERASE IN FATTY ACID OZONIDE DETOXIFICATION

I.M.C.M. RTETJENS, H.H. LEMMINK, G.M. ALTNK AND P.J. VAN BLADEREN

SUMMARY

The ozonide derived from methyl linoleate was shown to cause a dose
dependent inhibition of the phagocytosis of rat alveolar macrophages
expoged in vitro to concentrations varying from 107 to 10_4 M.
Vitamin C was demonstrated to detoxify the ozonide. In analogy to
their behaviour on exposure to ozone, vitamin E supplemented cells
demonstrated a decreased and glutathione depleted cells an 1increased
sensitivity towards the campound. The characteristics of antioxldant
protection of cells against the ozonide were thus comparable to those
for protection against ozone.

Preincubation with glutathione also detoxified the ozonide model
compound. Survival of rat alveolar macrophages exposed to a toxic
concentration of the ozonide (86 PM final concentration), measured by
phagocytosis of the cells, increased significantly (p < 0.01) from 23
to 54% after a 2.5 hour preincubation of the ozonide with glutathione
(5 mM final concentration).

The detoxification of methyl linoleate ozonide by glutathione could be
catalyzed by the rat liver glutathione S—transferases. After a 2.5
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hour preincubation of the ozonide (86 uM final concentration) with
glutathione and glutathione S-transferase (final concentrations
respectively 5 mM and 0.0l mg/ml), its toxicity was completely
abolished, as demonstrated by the 98% survival (p < 0.001) of
subsequently exposed cells.

A'Kmapp {at 1 mM glutathione) for the ozonide of 0.80 mf and a Vmaxapp

l.mg proi:ein"1 or

g protein'l, were

(at pH 6.5) of 94 nmol glutathione converted .min~
(at pH 7.4) of 34 mmol glutathione converted amin~]
found.

This glutathione S—transferase catalyzed detoxification of the poten—
tial intermediates in ozone induced cell damage, offers a completely
new viewpoint on the role of glutathione in the protection of cells

against ozone.

INTRODUCTION

Ozone 1is one of the most toxic components present in photochemical
smog (1). The mechanism of its toxic action has as yet not been
elucidated. It has been suggested that cell damage arises from the
oxidation of the unsaturated fatty acid moieties in the membrane
phospholipids (1;2;3). Oxidation of these unsaturated fatty acids may
very well proceed by formation of fatty acid ozonides (1), since
exposure of pure fatty acid monolayers or suspensions to ozone results
in the formation of such ozonides as the major products (4;5;6).
Support for this hypothesis has been reported by Menzel et al. (7) whe
showed that fatty acid ozonides produce Heinz body-like inclusions in
human erythrocytes following in vitro exposure, a phenomenon also
found for ozone exposed whole blood and for erythrocytes from ozone
exposed mice (7).

In addition Cortesi and Privett {8) reported that wmethyl Ilinoleate
ozonide injected intravenously, caused effects on rat lung similar in

many tespects to those reported for ozone. From these results 1t
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follows that fatty acid ozonides are likely candidates for an inter—
mediate role Iin the mechanism of ozone toxicity.

Several hypotheses for the protective action of glutathione in ozone
exposed cells have been proposed in the literature. These Include 1)
glutathione peroxidase catalyzed detoxification of fatty acid hydro—
peroxides, possibly formed upon ozone induced lipid oxidation (9), 1i)
formation of mixed disulfides between glutathione and cellular
sulfhydryl groups, thus may be preventing their irreversible oxidation
by ozone (10), iii) glutathione dependent regeneration of wvitamin E,
possibly oxidized after the scavenging of reactive free radicals
and/or other ozone intermediates (2), or fv) a direct scavenging of -
reactive initial and/or intermediate products by glutathione (11).
Previous experiments demonstrated that the glutathione dependent
protection of cells against ozone, could not be ascribed to the
glutathione peroxidase catalyzed reaction, as 1) A549 cells, which
show an increased ozone sensitivity upon glutathione depletion, do not
contain a detectable amount of glutathione peroxidase activity (11)
and 11) alveolar macrophages and type II cells isolated from the lumngs
of ozone exposed rats did not show an increased resistance towards
ozone in spite of a markedly increased glutathione peroxidase activity
(12). In addition, ozone exposure was not accompanied by a significant
incorporation of glutathione into mixed disulfides (11). Furthermore
glutathione depleted cells did not contain a decreased level of
vitamin E ( «a-tocopherol) upon ozone exposure and their increased
ozone sensitivity could not be abolished by vitamin E supplementation
(13). This eliminated the possible impairment of vitamin E regenera—
tion as a mechanism for the increased ozome sensitivity of glutathione
depleted cells.

Therefore, the protective action of glutathione may be best explained
by its action as a direct scavenger of initial and/or intermediate
reactive species (hypothesis iv).

The objective of the present study was to test the potential of gluta-

thione to react with intermediates in the toxic action of ozone, using
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the ozonide derived from methyl linoleate as a model compound.

In addition some characteristics of the in vitro antioxidant protec-
tion against the toxicity of the ozonide model compound were
determined, and compared to known characteristics of in vitro cellular
antioxidant protection against ozone, to obtain additional support for
the involvement of ozonides in ozone induced cell damage.

MATERTALS AND METHODS

_ Synthegis of methyl lincleate ozonide

Methyl 1linoleate ozonide was synthesized by the procedure of D.B.
Menzel (personal commmnication), which was described by Calabrese et
al. (14;15).

In short, one gram of methyl linoleate (Sigma, St. Louis, U.S.A.) was
dissolved in 20 ml pentane, flushed with nitrogen and placed on an
ice bath. Liquid ozone (blue) was prepared by leading an oxygen/
ozone stream, generated using an ozone generator (Fisher, model 501,
Meckenheim, West Germany), through a 50 em glass tube (6= 1 cm)
filled with silicagel 60 (18-35 mesh) (Mackery Nagel & Co., Duren,
West Germany) and suspended 1in a dry—ice—isopropanol bath (-809C).
When all silicagel had a blue appearance caused by adsorbed liquid
ozone, the gas flow was switched to pure nitrogen ( < 2 bubbles/sec.)
for 10 minutes to sweep out the residual oxygen. Following this, the
nitrogen/ozone gas stream was led 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 ozonization was continued until all methyl linoleate had dis-
appeared. TLC plates were stained using potassium permanganate. The
major methyl Ilinoleate ozonide formed (Rf = 0.30) was purified from
the mixture, using a silicagel 60 (70-230 mesh) (Merck, Darmstadt,
West Germany) column eluted with 5% ether in petroleum ether. IR, NMR
and M5 data showed it to be the 9,10-mono-ozonide of methyl
linoleate.
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Cell culture

Alveolar macrophages were isolated from the lungs of Wistar rats (+
200 g) as  described by Mason et al. (16), by the lavage of isolated
perfused lunpgs. Approximately 106 cells were plated onto a culture
dish with a growth area of 21 em? {Costar, Cambridge, MA, U.5.A).

Alveolar macrophages were cultured in Ham's F10 medium (Flow, Irvine,
Scotland)  supplemented with NaHCOq (1.2 g/1), 10% newborn calf serum
(Gibco, Glasgow, Scotland), 50 IU of penicillin (Gist-Brocades,
Delft, The Netherlands), and 50 mg/l streptomycin (Specia, Paris,
France) at 37°C in a humid atmosphere containing 5% €Oy in air.
Cells were cultured for 3 days in order to attach to and stretch om
the culture dish bhefore they were exposed to the fatty acid ozonide.
During these days their cellular glutathione, vitamin E or vitamin C

levels could be modified — if desired - as described below.

Modification of cellular antioxidant levels

Cellular levels of glutathione, vitamin C and vitamin E were modified
using optimum preincubation conditions, determined previously (17).

Briefly, alveolar macrophages were depleted of glutathione by treating
them with 4.0 mM methionine sulfoximine (MSO) (Sigma, St. Louis, MO,
U.8.A) and 60 M diethyl maleate (DEM) (Riedel-de Haen, Hannover,
West Germany). Cellular levels of a-tocopherol {(vitamin E) were
increased by culturing the cells for 2 days in the presence of 46 UM
M- q-tocopherol (Merck, Darmstadt, West Germany). Cellular levels of
ascorbic acid (vitamin C) were increased by incubating the cells for

2.5 h in the presence of 1 mM L-ascorbic acid (Merck, Darmstadt, West

Germany) .

Determination of phagocytosis

Phagocytosis was determined after incubation of the cells for 1.5 h at
37°C in the presence of approximately 107 dead yeast cells, coloured
by boiling them for 30 minutes in a congo red (Fluka, Buchs, Switzer-

land) solution.
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Exposure of cells to methyl linoleate ozonide

Appropriate dilutions (final concentrations ranging from 2.5 to 86 uM)
were made, of a lul/ml (2.5 mM) suspension of methyl linoleate
ozonide in Ham's F10 medium without serum, prepared by sonication for
30 seconds using a Branson Sonic Power Sonicator at maximum energy
output. A fresh suspension was made for each experiment in Ham's F10
medium without serum. In this suspension the ozonlde was stable for at
least 6 hours.

Cells were exposed for 2.5 hour at 37°C to methyl linoleate ozonide in
5 ml Ham's F10 medium without serum, except for the glutathione
depleted and their control cells, which were exposed in 5ml of a
buffered salt solution containing 5.5 oM glucose/125 mM NaCl/5 mM
KC1/2.5 mM NaHPO, /2.5 mM CaCl,/1.2 mM MgSO, and 17 mM HEPES (pH 7.4).
This was done to prevent the synthesis of new glutathione from amino
acid precursors in the medium during the time of exposure (18).
Detoxification of methyl linoleate ozonide by vitamin C was studied by
determining the toxieity of the ozonide to alveolar macrophages as
described above, after a 2.5 hour preincubation of the ozonide at 37°C

in the presence or absence of 1 mM vitamin C (final concentration).

Spontaneous and enzyme catalyzed detoxification of methyl linoleate
ozonide by glutathione

A toxic concentration of the ozonide (86pu M final concentration) was
preincubated for 2.5 hour at 37°C in the presence of 5 mM reduced
glutathione (Sigma, St. Louls, M0, U.S.A.) in the presence or absence
of 0,01 mg/ml glutathione S-transferase (a gift from H.J.J.M.
Dahlmans; the total mixture of isoenzymes was isclated from rat liver
cytosol by affinity chromatography (19)) and then added to the cells.
To exclude a possible aspecific protein effect, incubations of the
ozonide with 0.10 mg/ml BSA (bovine serum albumin) (Sigma, St. Louis,
MO, U.S5.A.) were also tested.
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Determination of glutathione S-transferase activity

The glutathione S-transferase activity towards methyl linoleate
ozonide was determined essentially as described by Baars et al. {20).
The standard assay was carried out in 0.1 M potassium phosphate/1 mM
EDTA buffer at pH 6.5 or 7.4, containing 1 mM GSH, 1.5 mg/ml gluta-
thione S-transferase and 65 to 1300 uM of the ozonide.

The total incubation volume was 2.0 ml and the reaction was started by
addition of the GSH. Tncubation took place at 37°C in a shaking water
bath for up to 5 minutes. At 30 second time intervals 100 11 of the
incubation mix was added to 10 U1 33% aqueous trichloroacetic acid to
stop the reaction, placed on ice and centrifuged for 3 mimutes. The
amount of unreacted GSH in the clear supernatant was determined with
Ellman's reagent (0.5 mM 5,5'-dithio-bis-2-nitrobenzoic acid in 0.1 M
potassium phosphate buffer at pH 6.5); 50 ul of the supernatant was
added to 0.95 ml of the reagent and after 5 minutes at room tempera—
ture the absorption at 412 nm was measured. Using an appropriate cali-
bration curve the amount of umreacted glutathione in the incubation
mix could be calculated. The glutathione S-transferase activity in the
assay followed from the time dependent decrease in the amount of
unreacted glutathione. Under the above mentioned assay conditions non-—
enzymatic reactions between glutathione and methyl linoleate ozonide
were negligible. Apparent Km and Vmax values were calculated from

Lineweaver-Burk plots.

Statistical analysis of data

Data are presented as mean + standard error of the mean, and statisti-

cal analysls was carried out using the paired Student's t-test.
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RESULTS

Methyl 1linoleate ozonide, toxicity and characteristics of cellular
antioxidant protection

The data presented in Figure 1 show that both methyl linoleate itself
and the czonide of methyl linoleate caused a dose dependent decrease
in the phagocytosis of alveolar macrophages. Methyl lincleate czonide
was about 1000 times more toxic than the original fatty acid methyl

ester.

% phagocytosis
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Figure 1. Toxicity of methyl linoleate (ML) (-e-) and methyl lincleate ozonide
(MLO) (-0-) towards rat alveolar macrophages. Experiments were per—

formed as described in Materials and Methods. Concentrations are in M.

Figure 2 shows the effect of modification of several cellular anti-
oxidant systems on the cellular sensitivity towards the ozonide of
methyl linoleate. Glutathione depleted alveolar macrophages
demonstrated an Increased sensitivity towards the ozonide (Figure 2a)
whereas supplementation of the cellular O -tocopherol {vitamin E)
content protected the cells from damage (Figure 2b).

Preincubation of the cells with vitamin C resulted in very 1little

protection against methyl linoleate ozonide (Figure 2¢}. On the other
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Effect of cellular a) glutathione depletion, b) vitamin E supplementa—

tion and ¢) vitamin C supplementation, on the sensitivity of alveolar

macrophages to methyl linoleate ozonide (MLO). Modification of cellu-

lar antioxidant levels was carried out as described in Materials and

Methods. The concentration of MLO is in M.
* = p <0.05, ** =p <0.01, ** = p <0.00l (n=5).

frem the data deplcted in Figure 3 it can be seen that pre-

incubation of the ozonide itself with vitamin C resulted in a signifi-

cant detoxification of the compound.
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Figure 3. Detoxification of methyl linoleate ozonide (MLO) (in M) by pre-

incubation of the ozonide with vitamin C Following a 2.5 hour pre-

fncubation a2t 37°C in the presence (—s—) or alsence {-o-) of 1 mM

vitamin C (final concentration), toxicity towards alveolar macrophages

was determined.

* = p <0.05, ¥ = p< 0,0l (n = 5).
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Detoxification of methyl 1linoleate ozonide by glutathione and

glutathione S-transferase

Fram the results presented in Figure 4 it can be seen that preincuba-
tion of methyl linoleate ozonide with reduced glutathione caused a
significant detoxification of the fatty acid ozonide. In addition, rat
1iver glutathione S-transferase was shown to catalyze the glutathione
mediated detoxification of the ozonide, since prelncubation of the
ozonide with both glutathione and glutathione S-transferase campletely
abolished its toxlcity (Figure 4). Control incubations of the ozonide
with glutathione S-transferase alone, and with bovine serum albumin -
with and without glutathione —, demonstrated that the complete detoxi-
fication of methyl linoleate ozonide by glutathione S—transferase plus
glutathione as compared to glutathione alone, is not caused by an

aspecific protein effect (Figure 4).

% phagocytosis
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tontrol I
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Figure 4. Detoxification of methyl linoleate ozonide (86 pM) by preincubation of
the ozonide with glutathione (GSHY (1 mM), glutathione S—transferase
(GSHTr) (0.01 mg/ml) or both. Control imcubations with bovine serum
albumin (BSA) were carried out using 0.10 mg BSA/ml. Following a 2.5
hour preincubation at 37°C, toxicity towards alveolar macrophages was
determined.
#% 3 p< (Q.0l, #%% = o <0.001 {n = 5).
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Furthermore, additional experiments demonstrated that the ozonide was
stable and did not lose any of its toxicity during the 2.5 hour
37%,

glutathione did not result in an increased cellular resistance towards

at
and also that preincubation of the alveclar macrophages with
the ozonide. This indicates that the disappearance of the toxicity of
methyl linoleate ozonide was indeed caused by a detoxification

reaction occurring in the preincubation mix.

Enzymatic characteristics of the glutathione S~transferase catalyzed
reaction between glutathione and methyl linoleate ozonide

The enzymatic characteristics of the glutathione S—transferase
catalyzed reaction between methyl lincleate ozonide and glutathione
The results are presented in Figure 5. The
From the

were next investigated.
rate of the reaction was linear with time up to 5 minutes.
Lineweaver-Burk plots obtained by varying the ozonide concentration at
a I<1:|1app for the ozonide of 0.80
app ©F 94 mmol glutathione converted.min_l.mg protein™t
were determined at pH 6.5 (Figure 5a). At pH 7.4 (Figure 5b) these

= 0.80 mM and Vmaxapp = 34 mmol glutathione

a glutathione concentration of 1 mM,
mM and a Vmax

values amounted to Km
u 4 2pp

converted.min | -mg prot:ei.n"1 .

vlin pmol™.min. g protein
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Figure 3. Lineweaver-Burk plots of the glutathione S-transferase catalyzed re—
action between methyl linoleate ozonide (MIO) at different concentra-
tions, and glutathione at 1 mM, determined at a) pH = 6.5 and b) pH =

7.4,
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DISCUSSION

The toxicity of the ozonide of methyl linoleate, a possible inter-
mediate in the toxic effects of ozone (7;8;21), was demonstrated using
rat alveolar macrophages. The ozonide was 1000 times more toxic than
the fatty acid methyl ester itself, and caused a dose dependent
inhibition of the phagocytosis of rar alveolar macrophages exposed in
vitro to concentrations varying from 1073 to 107* M. Glutathiome
depleted alveolar macrophages showed an increased and vitamin E
supplemented cells a decreased sensitivity towards methyl linoleate
ozonide, phenomena comparable to changes in the ozone sensitivity of
these cells (17).

Preincubation of alveolar macrophages with vitamin C, however, did not
result in a significant protection against the ozonide, although
vitamin C supplemented cells showed a reduced sensitivity to ozone
itself (17). This discrepancy can at present not be explained except
by supposing that the ozonides formed in the cell membrane during
exposure to ozone have a better chance of being detoxified by cellular
vitamin C than the ozonides that are added to the cells from the
outside. In any case, on preincubation of the ozonide with vitamin C a
significant detoxification was observed.

Taken together the results of antioxidant protection of the cells
against methyl linoleate ozonide show characteristics similar to tinse
of antioxidant protection against ozone itself. This observation
provides additiomal support to the hypothesis of Menzel et al.
(1;7;21) and Cortesl and Privett (8) that fatty acid ozonides are
intermediates in the process of cell damage induced by ozone.

We have previously found that glutathione plays an important role in
the protection of cells against ozone (11;17). However, the protective
role of glutathione seemed not to be mediated by 1) the glutathione
peroxidase catalyzed detoxification of fatty acid hydroperoxides
(11;12), 1ii) the formation of mixed disulfides (1l1) or 1i1)
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regeneration of oxidized o-tocopherol (13). This suggested that
glutathione may protect cells from ozone induced damage by acting as a
scavenger of reactive intermediates, a hypothesis supported by the
previous observation that iIntracellular vitamin C supplementation
abolished part of the increased ozone sensitivity of glutathione
depleted cells (13).

The results presented In this study clearly demonstrate the potential
of glutathione to detoxify the ozonide of methyllinoleate, a model
compound for likely intermediates in ozone toxicity. Pethaps sur-
prisingly this detoxification could be increased considerably by the
addition of rat liver glutathione S—transferase, to the preincubation
mixture.

Methyl linoleate ozonide was shown to be a substrate for rat liver
glutathione S-transferase with a Kmapp of 0.80 mM. This means that the
affinity of glutathione S—transferase for the ozonide model compound
is of the same order of magnitude as its affinity for several other
well-known substrates (22).

In theory, detoxification of the fatty acid ozonide by glutathione and
glutathione S-transferase may proceed by a nucleophilic attack of
glutathione on the ozonide ring structure, in analogy to the reaction
between glutathione and epoxides or hydroperoxides. As depicted in
figure 6 an ozonide has structural characteristics comparable to both
of these classes of substrates. Reaction might thus take place at one
of the carbon atoms of the ozonide ring structure, as is the case for
epoxides (22;23), or on one of the oxygen atoms of the peroxy moiety
present in the ozonlde structure, as occurs with hydroperoxides
{23;24).

Menzel et al. (7) reported the non-enzymatic oxidation of reduced
glutathione by methyl ozonides to the oxidized dlsulfide form (GSSG),
but their conclusion was based only on the disappearance of the
reduced form of glutathione.

Preliminary results from our lab indicate that the glutathione 5-

transferase catalyzed detoxification of methyl linoleate ozonide
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Figure 6. A comparison of a) hydroperoxides, b) ozonides and o) epoxides.
Reaction with glutathione might take place at the carbon atom of the
ozanide as with epoxides or on one of the oXygen atoms of the peraxy

moiety as in hydroperoxides.

results in formation of GSSG as well as of other glutathione
containing intermediates and/or final products. Flucidation of the
exact mechanism of detoxification has to await the identification of
these compounds.

In an intact cell system, detoxification of ozonized fatty acid
membrane moieties by cytoplasmatic glutathione S-transferase may
deperd on wmigration of the polar ozonized group out of the inner
membrane region and/or on the action of phospholipases which might
recognize oxidized - thus perhaps also ozonized - membrane associated
lipid chains, and cleave them, resulting in their release inte the
cytoplasm (25;26). TIn addition, the membrane bound microsomal gluta-—
thione S-transferase may play a role (27;28).

In summary, the glutathione S-transferase catalyzed detoxification of
the potential ozonide intermediates, offers a completely new viewpoint

on the role of glutathione in the protection of cells against ozone.
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PART NI

SUMMARY AND CONCLUSIONS




CHAPTER 10

SUMMARY

Ozone and nitrogen dioxide are maypr toxic components of photochemical
smog. They arise from the combustion of fossfl fuels (traffic, indus—
trial processes) and from solar radiatiopn-catalyzed reactions in

polluted atmospheres.

The morphological, physiological and biochemical effects of ozone and
nitrogen dioxide on the respiratory system of man and experimental
animals have been investigated over the last decades.

More recently the development of 1) isolation and cell culture proce-—
dures for different types of lung cells and i) model systems for in
vitro exposure of cells to gaseous compounds, offers new possibilities
to study the mechanism of toxic action of ozone and nitrogen dioxide.
An advantage of the cell model is that changes in homogeneous cell
populations can be studied, although it is recognized that effects
found in {solated cell cultures always need in vivo validation.

The experiments described in this thesis were undertaken to further
elucidate i) the mechanisms of action of ozone and nitrogen dioxide,
as well as 1i) the mechanisms of cellular protection against both
gaseous compounds.

In vitro exposure of cells was achieved by using a system in which
cells are grown on a thin teflon membrane and exposed by means of pas
diffusion through this membrane.

Experiments were carried out using either cells from the A549 cell
line or primary cultures of alveolar macrophages or alveolar type IL
pneumocytes, isolated from the lungs of control and in some cases

(chapter 6a + b) from ozone or nitrogen dioxide exposed rats.
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Part I of this thesis starts with a review of literature data on
historical backgrounds, physical characteristics, concentrations en-—
countered In the environment and toxic effects of ozone and nitrogen
dioxide {chapter 1)}.

This iIs followed by a review on the current theories with regard to
the mode of toxic action of ozone and nitrogen dioxide as well as to
the mechanisms of cellular protection agalnst these compounds {(chapter
2).

Finally a review of in vitro exposure models is presented, including a
description of the gas diffusion mediated exposure model applied in
this thesis (chapter 3).

Part II of this thesis deals with the experiments carried out to
obtain additional Insight into 1) the mode of toxic action of ozone
and nitrogen dioxide and #i) the mechanisms providing protection
against both gases in an iIntact cell system.

First experiments are described in which the mechanisms of toxic
action of ozone and nitrogen dioxide were compared (chapter 4). In the
in wvitro exposure model applied ozone appeared to be 10 times more
toxic than nitrogen dioxide. This difference is comparable with the
difference in toxicity reported for im vivo exposures.

In additdon it was demonstrated that the cellular antioxidant com=-
pounds, vitamin E { ¢ -tocopherol), vitamin € {(ascorbic acid) and
glutathione, are all involved in the protection of cells against ozone
or nitrogen dioxide.

The protection of o -tocepherol was shown to be dependent on its b-
hydroxyl group and not to be mediated by a structural stabilizing
membrane effect of the compound arising from its strong physico-
chemical association with for example sensitive arachidonyl fatty acid
residues. This could be concluded from the observations that f}o -
tocopherol, at concentrations that provided optimal protection against
the oxidative compounds, did not influence cell membrane fluldity and
that i) phytol and the methyl ether of o -tocopherol, two structural
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¢ —tocopherol analogues, could not provide protectibn against ozone or
nitrogen doxide comparable to the O -tocopherol protection.
Furthermore chapter 4 presents in vitro data which clearly demonstrate
that the reaction pathways involved in ozone and nitrogen dioxide
induced cell damage must be different. This conclusion is based on the
observations that 1) vitamin C enrichment of cells provided signifi-
cantly better protection against nitrogen dioxide than against an
equally toxic amount of ozone, that ii) glutathione depletion in-
creased the cellular sensitivity towards ozone to a greater extent
than the sensitivity towards nitrogen dioxide and that fii) o -toco-
pheral dependent protectibn of the cells was accompanied by a signifi-
cantly greater reduction in cellular o —tocopherol upon nitrogen
dioxide than upon ozone exposure.

The observations referred to above are compatible with the hypothesis
that ozone damage proceeds by the ionalr mechanfsm for ozonide forma-
tion, whereas uitrogen dioxide induced cell damage is induced by a
radical mediated lipid peroxidative pathway.

This hypothesis includes the involvement of oxidation of unsaturated
membrane lipids in the mechanisms of ozone or nitrogen dioxide induced
cell damage.

Evidence for the involvement of lipid oxidation in the mechanism of
ozone or nitrogen doxide induced cell damage s presented in the next
chapter, (chapter 5), in which experiments are described that investi-
gated the iInfluence of polyunsaturated fatty acid (PUFA) supplementa—
tion on the sensitivity of cells towards ozone and nitrogen dioxide.

The results showed that cells enriched in their PUFA content demon-—
strate an increased sengitivity towards both ozone and nitrogen di-
oxide. It was also shown that this increased sensitivity was not
caused by an increased membrane fluidity but really by the increased
number of unsaturated fatty acids. Therefore these results clearly
point to the involvement of lipid oxidation in the mechanism of action

of both ozone and nitrogen dioxide.
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In addition to the evidence for a difference in the mechanisms of
toxic action of ozone and nitrogen dioxide observed in the in wvitro
experiments, evidence suggesting a difference in their toxicity was
also obtained in in vivo experiments{chapter 6a + b). Exposure of rats
to doses of both gaseous compounds that equally induced glucose—6-—
phosphate dehydrogenase activity in whole lung homogenates and in
isolated alveolar macrophages and type II pneumocytes, resulted in a
greater increase in the activity of glutathione peroxidase in cell

material derived from ozone than from nitrogen dioxide exposed rats.

In addition it was shown that the increased activities of the enzymes
of the glutathione peroxidase system, obgserved in lung homogenates of
ozone or nitrogen dioxide exposed rats were caused by cell prolifera-
tion as well as by the increase of enzyme activities within individual
cells.

In the literature these inductions have often been coupled to a
glutathione dependent mechanism of cellular defense. To test this
hypothesis alveolar macrophages and type II pneumocytes isclated from
exposed rats were exposed to ozone or nitrogen dioxide in vitro. From
these studies 1t appeared that cells derived from exposed animals
revealed no increased resistance to the oxidative compounds as com-
pared to the cells isolated from non—exposed animalsg. This in spite of
a significantly increased glutathione peroxidase activity in the cells
derived from exposed animals. Hence it can be concluded that an in-
creased cellular glutathione peroxidase activity is not related to an

increased cellular resistance towards ozome or nitrogen dioxide.

Data presented in the next chapter (chapter 7) demonstrated even more
clearly that the glutathione dependent protection of cells agafnst
ozone 1s not mediated by the glutathione peroxidase catalyzed detoxi-
fication of fatty acid hydroperoxides. A549 cells showed a signifi-
cantly increased sensitivity towards ozone upon depletion of their

cellular glutathione content, which clearly points to a glutathione
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dependent mechanism of cellular protection, although these cells do
not contain a detectable glutathione peroxidase activity. This obser—
vation obviously excludes the glutathione peraxidase catalyzed detoxi-
flcation of lipid hydroperoxides as a main mechanism for glutathione
deperdent cellular protection against ozone.

Additional results demonstrated the loss of glutathione from the
cytoplasm of ozone exposed cells. This loss of glutathione from the
cytoplasm of exposed cells was caused by leakage and/or active
transport of glutathione out of exposed cells to the surrounding
medium. The loss could not be ascribed to incorporation of a substam—
tial amount of glutathione into mixed disulfides. This observation
excludes a second hypothesis for the glutathione dependent protection
of cells against ozone, viz. its incorporation into mixed disulfides,
thus protecting cellular thiol groups from irreversible oxidation by

ozone or its reactive intermediates.

The results presented in the next chapter (chapter 8), indicate that
the increased ozone sensitivity of glutathione depleted cells is not
caused by an impaired regeneration of o —tocopherol in these cells.
This follows from the observations that i) glutathione depleted, ozone
exposed cellg did not contain decreased levels of o —tocopherol and
that 11) vitamin E supplementation could not diminish the increased
ozone sensitivity of the glutathione depleted cells.

So far all three hypotheses mentioned in the literature for a gluta—
thione dependent cellular protection against ozone, had been excluded.
Fram this, and from the observation that vitamin C supplementation
abolished part of the increased ozone sensitivity of glutathione
depleted cells, it is concluded that the most likely mechanism for a
glutathione dependent protection of cells against ozone is provided by
its action as a direct scavenger of reactive initial and/or inter-

mediate species.
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Experiments described in the final chapter of part IT (chapter 9),
actually demonstrate the ability of glutathione to detoxify a possible
ozone intermediate; the ozonide derived from methyl lincleate. Methyl
linoleate ozonlde appeared to be toxic towards alveolar macrophages at
concentrations between 10 to 100 uM, and showed characteristics with
regard to cellular antioxidant protection that were similar to those
for ozome itself.

In addition the detoxification of methyl linoleate ozonide by gluta-
thibne appeared to be even more pronounced when catalyzed by gluta-
thione S-transferase.

Hence the glutathione S-transferase catalyzed detoxification of fatty
acid ozonides provides a new point of view on the protective role of

glutathione in ozone exposed cells.

Finally part III of this thesls summarizes all data and conclusions
presented, both in english (chapter 10)and dutch (chapter 11).
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CHAPTER 11

SAMENVATTING

Ozon en stikstof dioxide vormen belangrijke bestanddelen wvan
fotochemische luchtverontreiniging. Ze ontstaan bij de verbranding van
fossiele brandstoffen in het verkeer em bij industriele processen, en
bij de door =zonlicht gekatalyseerde reacties in de vervuilde

atmosfeer.

In de afgelopen decennia zijn de morfologische, fysiologische en
biochemische effecten van ozon en stikstof dioxide op de luchtwegen
van de mens en van proefdieren uitvoerig bestudeerd.

De recente ontwikkeling van 1) procedures voor het in cultuur brengen
van verschillende typen longcellen en van ii) model systemen waarmee
cellen in vitro aan gasvormige verbindingen kunnen worden bloot-
gesteld, biedt nieuwe mogelil jkheden voor de bestudering van met name
het schademechanisme van ozon en stikstof dioxide. Een woordeel wvan
het gebrulk van celcultures is dat veranderingen in homogene popula—
ties bestudeerd kunnen worden, alhoewel effecten, waargenomen in
gelsoleerde celcultures, toch altijd extrapolatie naar de in vivo
situatie behoeven.

De experimenten die in dit proefschrift worden beschreven waren
speciaal gericht op 1) het mechanisme via welk ozon en stikstof
dioxide in een intact cellulair systeem schade aanrichten, en ook op
ii) de mechanismen waarmee de cel zich tegen de schadelijke werking
van ozon en stikstof dioxide kan beschermen.

Hierbij werd gebruik gemaakt van een ia vitro expositie model wamarin
de cellen worden gekweekt op een dunne teflon membraan en vervolgens
blootgesteld via de diffusie van de gasvormige verbinding door dit

membraan. Voor de experimenten werd gebrulk gemaakt van cellen van de
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A549 cellijn, of van primaire culturen van alveolaire macrofagen of
alveolaire type II cellen, geisoleerd uit de longen wvan controle
ratten en — in een aantal gevallen ~ van aan ozon of stikstof dioxide

blootgestelde ratten (hoofdstuk 6a + b).

Deel I van dit proefschrift begint met een overzicht van literatuur—
gegevens betreffende de historische achtergronden, de fysische eigen-—
schappen, het voorkamen in de atmosfeer en de belangrijkste toxische
effecten van ozon en stikstof dioxide (hoofdstuk 1).

Dit wordt gevolgd door een overzicht van de thans gangbare theorieén
over de wijze waarop ozon en stikstof dioxide schade teweeg =zouden
kunnen brengen, als ock over de mechanismen die voor bescherming van
de cel tegen deze oxiderende gassen in aammerking zouden kunmen komen
(hoofdstuk 2).

Deel T wordt besloten met een overzicht van gangbare in vitro exposi-
tie systemen en een beschrijving van het gasdiffusie expositie model,
dat gebruikt werd voor de in dit proefschrift beschreven experimenten
(hoofdstuk 3).

Deel 1II van dit proefschrift beschrijft in een 6-tal hoofdstukken de
resultaten van het onderzoek.

Allereerst worden experimenten beschreven waarin de schade mechanismen
van ozon en stikstof dioxide werden vergeleken (hoofdstuk 4). In het
gebrulkte in vitro expositie model bleek ozom 10 keer toxischer te
ziijn dan stikstof dioxide. Dit verschil is vergeli jkbaar met het
verschil in toxiciteit dat bij in vivo studies wordt waargenomen.

Ock werd aangetoond dat de cellulaire antioxidantia, vitamine E ( o -
tocoferol), vitamine C (ascorbine zuur) en glutathion, allen betrokken
kunnen zijn bij de cellulaire afweer tegen ozon en stikstof dioxide.
De bescherming door G-tocoferol bleek afhankelijk van de 6-hydroxyl
groep bimnen het mclecuul. De bescherming wordt niet bewerkstelligd
via een structureel gtabilizerend membraan effect dat veroorzaskt zou
kunnen worden door de sterke fysisch—chemische associatie tussen de
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apolaire staart van het vitamine E molecuul en bijvoorbeeld arachidon-
zuur ketens in de membraan fosfolipiden. Een en ander kor worden
geconcludeerd wit de waarneming dat i) o —tocoferol concentraties die
optimale bescherming boden tegen ozon en stikstof dioxide, geen
invloed hadden op de membraan vloeibaarheid en dat 1i) fytol en de
methyl ether van ¢ —tocoferol, beiden structurele analogen van o -
tocoferol, geen bescherming boden tegen ozon of stikstof dioxide,
vergeli jkbaar met de o —tocoferol bescherming.

Hoofdstuk 4 bevat eveneens gegevens waaruit duideli jk blijkt dat de
reactiewegen via welke ozon dan wel stikstof dioxide schade teweeg
brengen, verschillend zijn. Deze conclusie komt voort uit de volgende
resultaten : 1) vitamine C verrijking van de cellen bood significant
betere bescherming tegen stikstof dioxide dan tegen ozon, 1ii) wver-
laging wvan het cellulaire glutathion gehalte wvergrootte de ozon
gevoeligheid wan de cellen in sterkere mate dan hun stikstof dioxide
gevoeligheid en 1ii) de vitamine E afhankelijke bescherming ging bij
grikgtof dioxide blootstelling gepaard met een significant grotere
reductie wvan het cellulaire a-tocoferol pehalte, dan bij ozon
blootstelling werd waargencmen.

Bovengencemde resultaten zijn in overeenstemming met de hypothese dat
ozon schade ontstaat via het fonaire mechanisme waarbij ozonides
worden gevormd, terwijl stikstof dioxide schade zou ontstaan via het
radicaal mechanisme voor vetzuur peroxidatie.

Een dergelijke hypothese gaat er wel vamit dat ozon en stikstof
dioxide schade ontstaat via een mechanisme waarin oxidatie van onver—

zadigde membraanvetzuren een rol speelt.

Een aanwijzing vwvoor de betrokkenheid van vetzuur oxidatie in het
reactie mechanisme wvan beide oxiderende verbindingen wvolgt uit de
resultaten beschreven in het volgende hoofdstuk (hoofdstuk 5), dat
experimenten beschrijft waarin de invlced werd bestudeerd wvan een
verri jking van de cellen met meervoudig onverzadigde vetzuren (FUFA's)

op hun gewoeligheid wor ozon en stikstof dioxide.
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De resultaten van dit onderzoek toonden aan dat PUFA-verrijkte cellen
een verhoogde gevoeligheid begitten ten opzichte van beide oxiderende
gassen. Bovendien werd aamngetoond dat deze verhoogde gevoeligheid niet
voortkomt wuit de verhoogde membraan vloceibaarheid wvan de PUFA-
verrijkte cellen, maar wel degelijk het gevolg is van een wverhoogd
aantal onverzadigde vetzuren In deze cellen. Derhalve dulden deze
regultaten op de betrokkenmheid van vetzuur oxidatie bl}] het schade

mechanisme van ozon en stikstof dioxide.

Behalve de in vitro resultaten die duiden op een verschil in werkings-
mechanisme tussen ozon en stikstof dioxide (hoofdstuk 4) worden in dit
proefschrift ook resultaten beschreven die duiden op een verschil in
in vive toxiciteit (hoofdstuk 6a + b). Het bleek namelijk, na
expositie wvan ratten aan concentraties ozon en stikstof dioxide die
vergelijkbare inducties gaven van de glucose—6—fosfaat dehydrogenase
activiteit (in =zowel long homogenaat als in geisoleerde alveolaire
macrofagen en type II pneumocyten), dat ozon een sterkere inductie
veroorzaakte van de glutathion peroxidase activiteit dan stikstof
dioxide.

Voorts werd aangetoond dat de verhoogde ac‘tiviteit van de enzymen van
het glutathion peroxidase systeem, waargenaten in long homogenaten van
aan ozon of stikstof dioxide blootgestelde ratten, veroorzaakt wordt
door zowel celproliferatie als door een verhoogde enzym activiteit in
individuele longcellen.

In de literatuur worden deze inducties wvaak gekoppeld aan een gluta-
thion afhankelijk beschermingsmechanisme tegen de oxiderende gassen.
Om deze hypothese te toetsen werden alveolaire macrofagen en type II
pneumocyten, geisoleerd uit blootgestelde rattem of ult controle
dieren, in vitro blootgesteld aan ozon of stikstof dioxide. De resul-
taten van deze experimenten laten zien dat de cellen afkomstig van
blootgestelde dieren geen verhoogde resistentie tegen de oxiderende
verbindingen bezitten,. Dit, terwijl de cellen uit blootgestelde
ratten wel een significant hogere glutathion peroxidase activiteit
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bezitten, vergeleken met cellen afkomstig van controle dieren. Hieruit
volgt dat een verhoogde glutathion peroxidase activiteit niet
gekoppeld is aan een verhoogde cellulaire weerstand tegen ozon of
stikstof dioxide.

Gegevens uit het volgende hoofdstuk (hoofdstuk 7) bevestigen, dat de
glutathion afhankelijke beschermming wvan cellen tegen ozon nlet
verloopt via de glutathion peroxidase gekatalyseerde detoxificatie van
vetzuur hydroperoxides. A549 cellen vertoonden namelijk na depletie
van hun glutathion gehalte een verhoogde ozon gevoeligheid, hetgeen
duidelijk wijst op een glutathion afhankelijk beschermingsmechanisme
tegen ozon, hoewel deze cellen geen detecteerbare glutathion
peroxidase activiteit bevatten. Dit sluit de glutathion peroxidase
gekatalyseerde reactie ult als een belangrijk mechanisme  voor
glutathion afhankelijke cellulaire bescherming tegen ozon.

Verdere resultaten toonden aan dat aan ozon blootgestelde cellen een
deel van hun glutathion verliezen. Dit verlies van glutathion uit het
cytoplasma van aan ozon blootgestelde cellen werd veroorzaakt door een
lekkage en/of een actief transport van glutathion uit de blootgestelde
cellen naar het omringende medium. Het verlies kon niet worden
toegeschreven aan de incorporatie van een aanzienlijke hoeveelheid
glutathion in zogenoemde 'mixed disulfides'. Deze waarneming sluit een
tweede hypothese voor de glutathion afhankelijke bescherming tegen
ozon ult, mnamelijk degene die berust op de imbouw van glutathion in
‘mixed disulfides', waardoor de cellulaire thioclgroepen kunnen worden
beschermd tegemn een irreversibele oxidatie door ozon of daarvan

afkonstige intermediairen.

De in het volgende hoofdstuk (hoofdstuk 8} beschreven resultaten geven
aan dat de verhoogde ozon gevoeligheid van glutathion gedepleteerde
cellen ook niet veroorzaskt wordt door een aangetaste regeneratie wvan
vitamine E. Een en ander volgt uit de volgende observaties : 1) gluta—
thion gedepleteerde, aan ozon blootgestelde cellen vertoonden
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geen verlaagde o —tocoferol gehaltes en ii) vitamine E supplementa—
tie van glutathion gedepleteerde cellen kon Mun verhoogde ozon
gevoelipheid niet opheffen.

In dit stadium van het onderzoek waren drie van de in de literatuur
gencemde hypothesen voor een glutathion afhankelijk beschermings—
mechanisme tegen ozon, afgevallen. Dit gegeven, in combinatie met het
feit dat vitamine C supplementatie van glutathion gedepleteerde cellen
hun verhoogde ozon gevoeligheid verminderde, maakt het waarschijnlijk
dat de glutathion bescherming tegen ozon verloopt via een scavenger
werking, waarbij glutathion initiele en/of intermediaire reactie—
producten onschadeli jk maakt.

In het laatste hoofdstuk van deel II (hoofdstuk 9) wordt het wvermogen
van glutathion om een theoretisch ozon intermediair te detoxificeren
beschreven, te weten het ozonide wvan methyl-linoleaat. Methyl-
linoleaat ozonide bleek toxisch voor alveolaire macrofagen bij concen—
traties van 10 tot 100 uM en vertoonde bovendien karakteristieken met
betrekking tot de antioxidant bescherming die vergelf jkbaar waren met
die van de antioxidant bescherming tegen ozon zelf.

Voorts werd aangetoond dat de detoxificatie wvan methyl-linoleaat
ozonide gekatalyseerd kan worden door glutathion S-transferase. Op
basis wvan deze bevindingen kan worden gesteld dat de glutathion §-
transferase afhankeli jke detoxificatie van vetzuur ozonides een nieuw
gezichtspunt oplevert met betrekking tot de beschermende rol wvan
glutathion in aan ozon blootgestelde cellen.

Dit proefschrift wordt besloten met deel IIT, waarin een samenvatting

van alle data en conclusies wordt gegeven, zowel in het Engels
(hoofdstuk 10) als in het Nederlands (hoofdstuk 11).
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