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Abstract

Glutathione, the major cellular nonprotein thiol plays a critical role in cellular
defences against oxidative stress and in the detoxification of many electrophiles. A
major aim of the studies in this thesis was to assess the relative importance of the
protective mechanisms of glutathione in pulmonary toxicity.

The roles of glutathione conjugation and redox cycling were assessed in
different cell types in the lung. The toxicity of diquat, 2,3-dimethoxy-1,4-
naphthoquinone (2,3-diMeO-NQ), paraquat (redox cycling compounds) and
1,4-benzoquinone (an arylating compound) was investigated using an in vitro lung slice
model with inhibited glutathione reductase activity. Toxicity was assessed using
biochemical and functional markers. Studies using inhibitors of glutathione
peroxidase and catalase suggest possible differences in protection against oxidative
stress between cell types. These studies suggest the possibility that the role of
glutathione conjugation and redox cycling may possibly differ between cell types in the
lung.

Adenosine accumulation by rat lung slices was investigated as a potential
marker for pulmonary endothelial cell function. Adenosine accumulation was shown
to be saturable but does not appear to follow simple Michaelis Menten kinetics. After
uptake, adenosine is predominantly phosphorylated to form ATP, but a minor fraction
is deaminated to form inosine. The use of metabolic inhibitors suggested that the
majority of the metabolism might occur in the cytosol. Microautoradiography showed
some localisation of the accumulated adenosine in the region of the pulmonary
endothelium. The accumulation of adenosine by rat lung slices may prove to be a
useful marker of endothelial cell function in vitro.

The influence of raised pulmonary glutathione levels on the in vivo pulmonary

toxicity of a-naphthylthiourea (ANTU) was investigated. It was shown that ANTU is
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toxic to both the pulmonary endothelium and epithelium. Raised glutathione levels

appear to protect against the endothelial, but not the epithelial, toxicity of ANTU.
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Chapter 1

1.1. TOXICOLOGY AND THE TARGET ORGAN

1.1.1. Toxicology and the Lung

Toxicology is traditionally defined as the science of poisons [1]. This definition
needs to be further qualified, however, in light of the observation that "All things are
poisons.... only the dose differentiates between a poison and a remedy” [2]. A more
useful definition has been suggested as "The study of the adverse effects of chemical
agents on biological systems" [3]. The growth and diversification of toxicology as a
science is a reflection of the increasing range and use of man made chemicals for
consumption and appearing in the environment. Examples of this are seen in the
range of pharmaceutical products for the treatment of disease, and pesticides to
increase crop yields by removing parasitic pests [4]. Some individuals, however,
choose a more liberal definition of the term pest, thus practising a more traditional
form of toxicology - criminal poisoning (5].

Within a particular organism, all tissues are susceptible to the toxic effects of
chemicals [6]. Many chemicals exhibit a marked propensity to selectively damage
particular organs. These are referred to as target organs of toxicity [6]. As a target
organ, the lung has received considerable attention in recent years. This results from
the current rapid industrial and technological developments involving the production
and use of new products and processes. Increasing prominence has been given to the
significance of airborne pollutants such as SO, NO,, cigarette smoke, and
occupationally inhaled chemicals and dusts such as solvents, asbestos, cements, glass
fibre and silica. The increasingly widespread use of household products in aerosol

form such as hairsprays, furniture polishes and insecticides offers a significant
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potential for pulmonary damage by inhalation [7].

In addition to the pulmonary changes induced by inhalation, a large number
of drugs and chemicals have been found to produce lung damage following systemic
administration [8,9,10]. Lung damage may occur specifically or in addition to damage
to other tissues. The complexity of the lung in terms of structure, physiology and
biochemistry renders it vulnerable to toxicity via the systemic route (12]. Pulmonary
toxicity is an increasing problem due to the increasing use of drugs and chemicals
which cause selective damage through some specific feature of the lung. Examples of
compounds which damage the lung following systemic administration include the
herbicide paraquat, which is actively accumulated by the lung where it exerts its
effects [12]. The cytotoxic drugs bleomycin, busulfan and cyclophosphamide also cause
lung damage by various mechanisms [8,9], and it is often the case that such toxicity

is a limiting factor in their therapeutic usefulness [10].

1.1.2 The Lung as a Target Organ of Toxicity

The lung is primarily an organ of gaseous exchange, although attention has
been given to its role as a heemodynamic, immunological and metabolic organ [13-15].
It is uniquely susceptible as a target organ in terms of its anatomical location and
physiological functions [12]. The architectural structure of the lung is designed to
provide and protect a vast surface area within the chest cavity which allows the
effective exchange of respired gases within the bloodstream. This maintains adequate
oxygenation of the blood. Consequently, the lung is exposed to noxious gases, vapours
and particles (if small enough) present in the inspired air. Even toxins present at very
low concentrations in the atmosphere may present a risk to the lung, especially when
one considers that the adult lung respires approximately three tons of air per year

[11]. In addition, the lung is at a primary site of exposure to toxic xenobiotic
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compounds and their metabolites present in the blood, since the total cardiac output

passes through the lung [11].

1.2 THE LUNG: STRUCTURE AND FUNCTION

1.2.1 Anatomy and Cellular Organisation

In gross morphological terms, the lungs in rats are divided left and right. The
left lung forms a complete lobe, whilst the right lung is further subdivided into the
superior lobe, the middle lobe, the post caval lobe and the inferior lobe (figure 1.1)
[17]. The fine structure of the lung, as revealed by light and electron microscopy,
shows much complexity in terms of architecture and cellular heterogeneity [18]. This
is illustrated in the numerous different cell types in the lung with specific functions.
Over forty individual cell types have been identified [19]. This reflects the
multifunctional nature of the organ as well as cell-cell interactions which serve to
complicate patterns of injury in terms of biochemistry and pathology which may be
associated with toxic insult.

The tracheobronchial lining is a tall columnar, pseudostratified epithelium in
which at least thirteen different cell types have been identified by electron microscopy
[18]. These cell types include eleven epithelial and two mesenchymal cell types. Most
of the epithelium consists of ciliated and mucus secreting cells with intra-epithelial
corpuscles referred to as neuroepithelial bodies [18]. Ciliated cells are roughly
columnar and possess an electronlucent cytoplasm containing ribosomes, rough
endoplasmic reticulum and atypical mitochondria [18]. There are about 250 cilia on
the luminal surface of each cell. The cilia beat towards the pharynx thus propelling
the tracheobronchiolar secretions in this direction [18]. Goblet cells are abundant in

the trachea and bronchi [18].
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figure 1.1. Diagram showing lobes of rat lung.
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The cell is goblet-shaped due to its content of mucous granules. Other cells of the
lower respiratory tract include the epithelial serous cell, the 'burst’ cell, the basal cell
and the K-cell (Kultschitzky cell). The last named cell is believed to function as an
APUD (amine precursor uptake and decarboxylation) cell [18]. Although not fully
characterised, the cells of the lower respiratory tract have postulated functions
incorporating stretch receptors and CO, chemoreceptors involved in the regulation of
pulmonary circulation under hypoxic conditions [18].

Four important cell types have been investigated with regard to pulmonary
toxicology. These are: the non ciliated bronchiolar epithelial (Clara) cell, the type I
and the type II pneumocytes and the pulmonary endothelial cell. The epithelium of
the bronchioles is composed of low ciliated and taller non ciliated cells, the non ciliated
cells being the Clara cells [18]. Light microscopy of the Clara cells show a dome
shaped atypical cytoplasm [18]. The cytoplasm contains abundant smooth endoplasmic
reticulum and electron dense inclusion granules, although in many species, rough
endoplasmic reticulum predominates over smooth endoplasmic reticulum. It is
thought that the cytoplasmic granules reflect a secretory function for the Clara cells
contributing to a surface active lining layer in the bronchioles (although alveolar
surfactant is thought to be produced by type II pneumocytes [20]). The smooth
endoplasmic reticulum of Clara cells is believed to be associated with the P-450
dependent mixed function oxidase activity of these cells. When the P-450 isoenzymes
are stained for using immunoperoxidase and immunofluorescent methods, it can be
shown that the spectrum of P-450 isoenzymes is different to that in the liver [21], thus
providing a rationale for selective damage by metabolic activation.

Type I and type II pneumocytes are a set of epithelial cells with defined
functions in the lung [13-15, 18, 19, 21]. Type I pneumocytes are highly specialised

squamous epithelial cells. They cover most of the alveolar surface with a thin
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cytoplasmic layer 0.2-0.5 uM thick [7, 18], thus facilitating gaseous exchange, their
primary function. Few organelles can be seen except in the perinuclear cytoplasm
[18]. Type I pneumocytes cover more than 90 % of the alveolar surface, although they
comprise 8 % of the parenchymal cell population. Type II cells comprise of 16 % of the
total lung cell population. Type II pneumocytes function as precursors to type I cells,
but they have specialised functions in their own right [16, 18]. An important function
of type II cells is the synthesis of surfactant, 2/3 of which is phosphatydylcholine based
lipid [16]. It can be shown, using [*H]-palmitate, that fatty acids are taken up and
incorporated into phosphatydylcholine in the lamellar bodies of the type II cells.
Surfactant is necessary for lung function in order to decrease the surface tension at
the air-liquid interface [16, 20]. It is also thought to play a role in the prevention of
infection by providing an environment which favours bacterial killing by alveolar
macrophages. Type II cells also have a capacity for xenobiotic metabolism by P-450
associated enzymes, although the spectrum of activity found in these cells is more
restricted than that found in the liver [21]. One important P-450 enzyme activity that
1s found in type II cells is ethoxyresorufin-O-deethylase. This activity increases when
the cells are pretreated with an inducer such as f-naphthoflavone. A further function
of type II cells is transepithelial water movement [16]. This function is necessary to
prevent the accumulation of fluid in the alveoli, which would decrease gaseous
exchange. This has been investigated in isolated type II cells [16]. Transepithelial
water movement in type II cells can be decreased by cooling to 2° C which leads to
cellular swelling and the accumulation of intracellular sodium. When the cells are
rewarmed to 37° C, the intracellular sodium rapidly decreases with cell volume. It has
been postulated that a Na*/H* exchange pathway transports sodium passively into
cells while a Na*/K* translocase activity actively extrudes sodium to the basal lateral

side [16].
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Another cell type of toxicological interest in the lung is the pulmonary
endothelial cell [22]. This cell type is typical of capillary endothelial cells in
maintaining an active role in vascular homeostasis. The endothelium plays a
significant role in arachidonic acid metabolism by the production of prostacyclin, a
powerful anti-platelet-aggregating metabolite (23]. The action of endothelial derived
prostacyclin is opposed by platelet derived thromboxane [23]. Together, prostacyclin
and thromboxane form one of the controlling mechanisms of platelet aggregation [23].
Consequently, a loss of endothelial cell function may be reflected in platelet
aggregation and deposition [23]. In the lung, endothelial cells are further specialised
in that they are responsible for transport of oxygen to the erythrocytes after diffusion
through type I epithelial cells [25]. The location of pulmonary endothelial cells within
the pulmonary architecture, together with their specific biochemical and physiological
roles, renders them vulnerable to the effects of systemically administered chemicals
as well as irritants and high concentrations of oxygen [8, 9, 22, 25, 26, 27]. The
inflammatory mediator role of endothelial cells within the lung is thus in a position
to be disrupted by the action of irritants and to a number of compounds which appear

to selectively compromise these cells.

1.2.2 Biochemistry of the lung
As a complete organ, the lung is metabolically active [28, 29], deriving a
significant proportion of its energy from the catabolism of glucose [29]. Lung tissue
is also capable of oxidising fatty acids, amino acids, lactate and glycerol [30, 31, 32].
Metabolic energy in the lung is used for producing reducing equivalents (NADH and
NADPH), secretion, clearance, biosynthesis, maintenance and repair [29]. Glucose is
transported into lung tissue by both active transport and facilitated diffusion (33, 34].

The presence of more than one uptake mechanism for glucose may reflect the
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contribution of more than one cell type [29]. Involvement of individual cell types in
glucose uptake has not been fully elucidated, although it has been suggested that the
epithelium is a likely site for active transport [29].

Glucose is catabolised primarily via the glycolytic and the pentose phosphate
pathways [29]. These generate metabolic intermediates for biosynthesis, metabolic
energy in the form of ATP, and reducing equivalents, primarily in the form of NADPH.
A major fraction of glucose (40 - 50 %) is metabolised to lactate and pyruvate [35].
The distribution between lactate and pyruvate depends upon the redox state of the
cell, but typical control lactate : pyruvate ratios are about 10 : 1 in a control situation.
A second major fate of glucose is oxidation to CO, (22 %) [35]. Of the total CO,
production, about 1/4 is generated by the pentose phosphate pathway, 1/4 by the
action of pyruvate dehydrogenase and 1/2 by the tricarboxylic acid cycle [36]. Other
fates of glucose include incorporation of intermediates into protein, nucleic acids,
polysaccharides, fatty acids and other lipids. It has been suggested that
gluconeogenesis does not occur in lung, hence relying on circulating glucose as a major
source of intracellular carbohydrate [29].

The control of glycolysis in the lung is exerted by a range of factors acting in
both short and long term [29]. The short term regulation of glycolysis is via the
allosteric control of enzyme activities (29]. Two important sources of regulation in this
respect are the ATP/ ADP+AMP ratio (the cellular energy charge) (29], and the NAD*
/NADH ratio (the cellular redox state) [29]. The rate of glycolysis increases in
response to ATP depletion but ATP is necessary for the initial glucose phosphorylation

(29].
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1.2.3. Pulmonary metabolism and cytochrome P-450

In addition to intermediary metabolism, the lung also contains enzyme systems

that are commonly associated with metabolism of xenobiotics [37]. The most
extensively investigated of these systems is the cytochrome P-450 mixed function
oxidase system [14, 37, 38). Pulmonary cytochrome P-450 catalyses the oxidative
metabolism of a wide variety of xenobiotics [15]. Studies of this enzyme system have
shown a heterogenous distribution of activities between different cell types [21]. The
multiplicity of P-450 isoenzymes with overlapping substrate specificities, and their
differential induction by different compounds serve to complicate such studies. The
sites showing greatest cytochrome P-450 activity in the lung are the Clara cell and the
alveolar type II cell [14, 21, 39]. Mixed function oxidase activities have been
demonstrated in lung using a number of substrates, including: carbon tetrachloride
(401, 1,1-dichloroethylene [41], naphthalene (42], benzphetamine [43], benzo[alpyrene
[44] and 4-ipomeanol [45]. In addition to their properties as substrates demonstrating
classical P-450 isoenzyme differences, these compounds are also of toxicological
relevance to the lung [37]. Metabolism studies have also shown a differential
distribution of isoenzymes within the lung. It has been shown that in vivo carbon
tetrachloride treatment decreases pulmonary bromobenzene metabolism, whereas in
vivo naphthalene treatment has no effect [46]. The inference is that naphthalene is
preferentially metabolised by Clara cells and bromobenzene is preferentially
metabolised by the alveolar epithelium. The differential distribution of cytochrome
P450 isoenzymes has also been shown by immunocytochemical studies [21]. Antisera
prepared against rat liver cytochrome P-450 isoenzymes are also directed against
isozymes found in rat lung. Isoenzymes which have been demonstrated using such
antisera include those inducible by B-naphthoflavone, 3-methylcholanthrene and

phenobarbital [21].
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1.3 PULMONARY TOXICITY

1.3.1. Factors influencing Pulmonary Toxicity

The selective toxicity of chemicals to the lung is influenced by a range of

physiological parameters. These include the route of administration of the toxicant,

its pharmacokinetic and pharmacodynamic properties and the specific biochemical and

physiological characteristics of individual cell types in the lung [11]. The specific

susceptibility of the lung may be attributed to the lung’s particular profile of isozymes

of cytochrome P-450-dependent monooxygenases. This susceptibility may be enhanced

by the heterogenous cellular distribution of these enzymes whereby very high levels

of activation may take place in certain lung cells [11]. These mechanisms have been

well documented in the case of 4-ipomeanol [45], which selectively injures lung cells

that are rich in the appropriate cytochrome P-450, namely Clara cells. The factors

influencing the selective vulnerability of the lung are summarised below:

1)
2)
3)
4)
5)
6)

7)

The route of exposure (i.e. inhalation or via the bloodstream).

The mean aerodynamic diameter (particulates).

Solubility of inhaled gases (e.g. sulphur dioxide compared with ozone).
Selective uptake mechanism (paraquat).

Selective metabolic activation (e.g. 4-ipomeanol).

Susceptibility of individual cell types.

Species susceptibility (e.g. BHT, trialkylphosphorothioates, ANTU,

4-ipomeanol, paraquat).
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1.3.2. Chemically Induced Pulmonary Pathology

The lung manifests one of the most diverse ranges of chemically induced
pathological lesions of all organ systems [7]. Acute lung damage is typically
characterised by the presence of a multiplicity of lesions which serve to complicate the
pattern of damage [7). This complication arises from the differential effects of
toxicants on the different cell types, cell-cell interactions as a result of toxic injury,
and repair mechanisms. The diversity of chemically induced lesions that can be
produced in the lung is shown in table 1.1. Some chemically induced lesions seen in
the lung are common to a wide range of compounds whilst some lesions are typically
produced by particular compounds [7].

Pulmonary eedema is a common pathological lesion in chemically induced lung
damage. The development of pulmonary cedema is a consequence of capillary damage
[47]. The endothelial cells represent the first target for toxic agents in the blood and
their close proximity to the alveolar air spaces also makes them vulnerable from this
route [22]. It is often associated with severe degenerative changes and may occur
secondary to such changes. Less commonly, it may present itself as the major finding,
or in isolation, as a toxic response. A number of compounds produce pulmonary
edema without degenerative changes, for example, a-naphthylthiourea (ANTU),
monocrotaline, adrenaline and ethylchlorvynol. Pulmonary cedema is characterised
by the accumulation of fluid within the thoracic cavity. This fluid originates from the
pulmonary circulation where the lymphatic drainage of the lung becomes insufficient
to drain away fluid leaking from the pulmonary vasculature. Leakage usually occurs
as a result of the formation of gaps between the endothelial cells in the pulmonary
vasculature. (Edema fluid may be described as serous (‘watery’), fibrinous
(proteinaceous, with a tendency to clot), or heemorrhagic depending on the severity of

damage [48].
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Table 1.1: Chemically induced lesions of the lung

pulmonary cedema
pulmonary congestion
alveolar heemorrhage
diffuse alveolar damage
interstitial fibrosis
intra-alveolar fibrosis
alveolar epithelialisation
alveolar adenomatous hyperplasia
lipoproteinosis
phospholipidosis
emphysema

embolism

interstitial histiocytosis
aspiration pneumonia
pneumonitis
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Diffuse alveolar damage is a term used to describe severe degenerative lesions,
usually associated with alveolar epithelial cell damage [49]. Such lesions involve
necrosis or injury to alveolar epithelial cells with subsequent further degenerative
change, repair or inflammatory response. Pulmonary congestion is often a secondary
response to diffuse alveolar damage, commonly associated with injury to the type I
pneumocyte, and is accompanied by endothelial changes owing to their close proximity.
A wide range of compounds produce this type of lung damage, including hyperbaric
oxygen [26], NO,, ozone [12], nickel carbonyl [50], paraquat [51], phosgene [52],
bleomycin [53], BHT [54], 0,0,S-trimethyl-phosphorodithioate [55], and
cyclophosphamide [56]. If the basement membrane is disrupted, exudation from the
capillaries which follows produces an inflammatory reaction. When exudation becomes
more severe, fibrin deposition may occur in the alveolar walls. Subsequently,
infiltration of the alveoli with inflammatory cells, cell debris, macrophages and fibrin
may follow {48].

Epithelialisation of the alveolar walls is characteristic of a repair mechanism
involving proliferation of type II cells [57]. This is a response to alveolar wall damage
where the basement membrane remains intact following the initial damage. A period
of epithelialisation then occurs in which the alveolar walls become lined by a
continuous sheet of cuboidal type II pneumocytes [57]. These type II cells may
subsequently differentiate into type I cells. If the epithelialisation occurs in excess of
that required to maintain repair mechanisms, then this is referred to as hyperplasia
[48]. Type II cell hyperplasia is seen in the mouse in response to BHT [54].

Pulmonary fibrosis is the abnormal deposition of collagen in the lungs [58]. It
usually occurs subsequent to chronic inflammatory and degenerative changes, and
involves the secretion of an extracellular collagenous matrix by fibroblasts [58]. It

may be speculated that abnormal basement membrane accumulation plays a role in
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the development of pulmonary interstitial fibrosis [7].

1.4 MECHANISMS OF PULMONARY TOXICITY

1.4.1 Metabolic Activation

The interaction of xenobiotics in a particular organism often results in some

chemical change. For a reactive compound, chemical changes may occur

spontaneously or, more commonly, may be enzyme-catalysed [59]. In such cases, the

chemical change is referred to as metabolic activation [14]. This is an important

concept in understanding why compounds may selectively damage the lung. There are

several consequences of metabolic activation.

2)

3)

4)

5)

The rate of elimination of the compound is changed, usually increased.
Levels of endogenous compounds e.g. coenzymes, may be depleted or
otherwise altered.

Harmful, endogenously derived by-products may be formed e.g. oxygen
radicals.

Formation of a stable metabolite with the appearance of or change in
some pharmacological or toxicological activity.

Formation of a chemically reactive species e.g. a free radical, which can

covalently bind to proteins and other essential constituents.

It is not always clear, however, as to whether metabolic activation results in

a chemically reactive compound, or a chemically stable but biologically active

compound.

The relationship between metabolic activation and cell damage is not fully
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understood, and it appears that there is no single common mechanism (37]. Two
general pathways of activation have been proposed. Firstly, an inert substance may
be converted to a reactive electrophilic intermediate, capable of interacting with
nucleophilic centres within the cell. Secondly, the reduction of an inert chemical can
produce an electron rich nucleophile which may reduce critical cellular components
[37].

The most widely investigated enzyme system involved in metabolic activation
is the cytochrome P450 dependent mono-oxygenases [38]. These have been shown to
metabolise a wide variety of compounds including furans [60], bromobenzene and
polycyclic hydrocarbons [61] to highly reactive intermediates. Other activating
systems have been implicated in pulmonary toxicity. Prostaglandin synthetase has
been shown to activate benzopyrene via prostaglandin hydroperoxy endoperoxide G,
which could co-oxidise benzopyrene and its 7,8-diol to reactive epoxides [62]. A flavin-
containing mono-oxygenase, in addition to P450, has been shown to be involved in the
oxidative metabolism of amines and organic sulphur compounds [63]. NADPH-
cytochrome P450 reductase has been implicated in the toxicity of a number of
compounds including paraquat [62], diquat [63] and a number of quinones [64]. This
enzyme has been shown to transfer single electrons to certain substrates resulting in
the formation of free radicals which reduce molecular oxygen, forming toxic oxygen
species [64].

Metabolic activation has been proposed to damage the lung by three principle
mechanisms [13]. These are summarised in figure 1.2. Firstly, the parent compound
remains inert until it reaches the lung where activation takes place in situ leading to

lung damage.
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Secondly, activation to an active metabolite takes place in an organ other than the
lung (e.g. the liver) such metabolites then reach the lung where damage occurs due to
direct interaction or further metabolism may take place leading to damage. Thirdly,
the compound reaches the lung and cycles between the parent compound and a free
radical metabolite at the expense of NADPH, resulting also in the production of toxic
oxygen species. The third mechanism is discussed in greater detail in the section on
redox cycling. Examples of compounds that damage the lung via these mechanisms

are given in table 1.2.

1.4.2 Free Radicals

Pulmonary toxicity can be mediated via free radicals [13]. Free radicals are
species capable of independent existence that contains one or more unpaired electrons
[69, 70]. The overall charge on the molecule is independent of electron pairing, hence
radicals can exist as ions or in the electrically neutral state (69, 70]. Free radicals can
result from the homolytic fission of a chemical bond due to thermal homolysis or high
energy reduction or photolysis, or by a one electron reduction reaction [71]. Such
reactions are commonly encountered in chemistry, for example, The chlorine molecule
(Cl1-Cl) can be homolytically cleaved with ultraviolet radiation or by high temperatures
to form short-lived chlorine free radicals (Cl-) [72].

The most significant free radicals, relevant to biological systems, are those
derived from molecular oxygen [69, 70, 73]. In the ground state, oxygen contains two
unpaired electrons of parallel spin, each occupying one orbital [70]. The addition of
spin-paired electrons from other compounds, in accordance with the Pauli Exclusion
Principle, requires the spin inversion of one electron to avoid parallel spin electron

occupancy of one orbital (70, 72].
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Table 1.2: Targets and Mechanisms of Pulmonary Toxicity

Compound

BHT

Bleomycin

Bromobenzene

Carbon Tetrachloride

1,1-Dichloroethylene

4-Ipomeanol

3-Methylfuran

Nitrofurantoin

Naphthalene

Paraquat

Pyrrolizidine
BCNU

Oxygen

N-Nitrosobis-
(2-hydroxy-
propyl)amine

Primary
Target

Type I cells

Type I and II
cells

Clara cells

Clara cells

Clara cells

Clara cells

Clara cells

Type I and II

cells
Clara cells

Type I and II
cells

Endothelium
Endothelium

Endothelium

Neuroepithelial

cells

Species

Mouse

Mouse

Mouse, Rat

Rat,
Guinea Pig

Mouse

Rat, Mouse,
Guinea Pig,

Hamster, Rabbit

Rat, Hamster

Rat

Mouse

Mouse, Rat

Rat
Mouse

Rat, Mouse,
Human

Syrian Golden
Hamster

Probable
Mechanism

Iorll

IorlIl

IorlIl

11

IorlIl

III

II

Ref

[65]

[53]

[61]

(40]

[41]

(13]

[13]

[13]

[61]

[66]

[13]
(67]

(26, 27]

[68]
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This inversion, however, is energetically unfavourable and hence is a limiting factor
in the reactivity of the oxygen molecule. A consequence of this is that univalent
reduction of oxygen is favoured over divalent reduction hence the formation of the
superoxide ion radical [75]. It has been suggested that the superoxide ion radical is
not the major oxygen radical damaging species [76]. It is not indiscriminately
reactive, although some reactions may occur with reference to cell injury [76]. To
illustrate this point further, O,= does not react appreciably with free NADH in
solution, but when NADH is bound to lactic dehydrogenase, it reacts to form the
NAD-: radical. Thus a catalytic oxidation of NADH could occur [77].
One reaction pathway of the superoxide ion radical, which has biological
significance, is the reduction of the Fe?* ion, followed by the Fenton reaction, to form
the hydroxyl radical OH- These reactions are summarised in terms of the iron

catalysed Haber-Weiss reaction:

0, + H,0, - 0, + OH~ + OH-

The hydroxyl radical is an extremely reactive species in comparison to the superoxide
1on radical, reacting with most organic species at very high rate constants (typically
10® - 10" M! 5! for a range of compounds) [70]. Three types of reaction have been
described with relevance to biological systems: hydrogen abstraction, addition and
electron transfer [70]. Hydrogen abstraction is the removal of hydrogen from a donor
molecule to form water and an organic free radical. Rearrangement of the radical to
a lower energy form may then take place. Organic free radicals may themselves
participate in hydrogen abstraction from adjacent molecules, giving rise to chain
reactions [69-71]. Reactions of lipid radicals, formed in this way, with molecular

oxygen can lead to lipid peroxidation [70, 78, 79]. Radical reactions may be
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terminated by collision with another radical in by addition onto the molecule [70, 78,

791.

1.4.3 Redox Cycling

Redox cycling is the term used to describe the non stoichiometric oxidation of
NADPH, and concomitant oxygen consumption, in relation to the compound present
which elicits the process [80]. This results from an initial one electron reduction of the
compound, followed by a subsequent oxidation, via molecular oxygen, to form the
parent compound and the superoxide ion free radical [81]. The sequential reduction
and oxidation of the compound occurs repetitively in a cyclical manner, hence the
description redox cycling. A simplified schematic equation for this is shown in
figure 1.3. Electrons for the one electron reduction are derived from several sources.
Studies with redox active quinones have shown that one electron transfer to the
compound may be catalysed by the enzymes NADPH-cytochrome P-450 reductase,
'NADH-cytochrome b; reductase, NADH-ubiquinone oxidoreductase and xanthine
oxidase (64, 82-84]. The enzymes require the reduced pyridine nucleotides, NADH or
NADPH, as a source of electrons depending upon which enzyme is catalysing the
transfer. It has been suggested that xanthine oxidase activity does not occur in vivo
but is an in vitro artifact of the preparation of xanthine dehydrogenase [70].

The transfer of one electron to a redox cycling compound results in the
formation of a species, usually a relatively stable free radical, which can be reoxidised
to the parent compound by molecular oxygen. The molecular oxygen is reduced in this
reaction to the superoxide ion free radical (O,7). This reaction is not enzyme mediated

and occurs spontaneously.
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NADP*

NADPH , —+—3 H,0+0,

GSSG

NADP*

Enzymes:

(1) - NADPH-cytochrome P450 reductase
(2) - spontaneous chemical reaction

(3) - superoxide dismutase

(4) - catalase

(5) - glutathione peroxidase

(6) - glutathione reductase

figure 1.3. Schematic pathway of redox cycling
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The redox cycling compound can thus be thought of as catalysing the formation of

superoxide ion radical from NAD(P)H and molecular oxygen according to the equation:

NADP)H + O, - NADP)* + O,~

Whilst the initial studies on redox cycling concentrated on quinones, studies
have shown this mechanism to mediate the toxicity of other compounds such as
paraquat [85] and diquat {63]. The redox cycling reaction thus depends upon the
presence of oxygen and reduced pyridine nucleotide. The redox cycling reaction
eventually leads to loss of cell function. This is thought to be due to the formation of
oxygen radicals [76] although it has been suggested that toxicity could, in part, be due

to depletion of reduced pyridine nucleotides [86].

1.4.4. Mechanisms of Pulmonary Endothelial Toxicity
The pulmonary endothelial cell has a range of physiological and biochemical

functions [25]. These include:

1 Maintaining vascular integrity.

2 Participating in gaseous exchange.

3 Uptake, clearance and metabolism of endogenous compounds.
4 Maintaining biochemical and hormonal homeostasis.

5 Participating in the inflammatory response.

6 Maintaining vascular haemostasis.

Consequently, the pulmonary endothelium is particularly vulnerable to

selective damage as can be reflected in the adverse modulation of any of the above
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functions [21].
The pulmonary endothelium is remarkably susceptible to oxidative damage
[(21]. It appears to be the primary target in the toxicity of hyperbaric oxygen and
ozone [26]. Some compounds, which exert their toxicity through redox cycling, may
preferentially damage other cell types. In some instances, this is due to selective
disposition e.g. paraquat [12]. It has been also suggested that the generation of
oxygen radicals is greater in cell types other that the pulmonary endothelial cell [21].
The mechanism by which oxidative damage occurs to the endothelium is not
fully understood. There are numerous effects of such damage. These include: lipid
peroxidation, depression of intracellular ATP levels, increase in oxidised sulphydryl
formation, increase in cytosolic calcium, and perturbation of the cytoskeleton [21].
Some of the deleterious changes seen in endothelial cell toxicity may reflect a loss of
function, thus reactive oxygen species have been shown to affect endothelial cell
arachidonic acid metabolism in culture [87]. Prostacyclin production by the
endothelial cell is partly responsible for its hsemostatic role [23]. The in vivo
significance of this is that platelet deposition is seen in hyperbaric oxygen toxicity.
As a reaction to chemically induced tissue injury, the vascular integrity
afforded by the pulmonary endothelium may be compromised (48]. This is a
physiological response, mediated via the cytoskeleton [48], allowing access of cells
involved with inflammation and repair to the site of injury [7]. Such responses also
entail a loss of organ function as leakage of vascular fluid and accumulation of
inflammatory cells may occur (7, 47], leading to pulmonary hypertension, cedema and
inflammatory responses [7, 48]. Although this is essentially a repair mechanism, the

loss of lung function may be viewed as a toxicological response (7, 48].
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1.5 GLUTATHIONE

1.5.1 Occurrence and Biological Importance

The chemistry and biochemistry of the thiol group is exploited by many
different cell types in both endogenous and exogenous metabolism [88-93]. Its
importance in these respects can be inferred by its diversity and the concentration of
thiol compounds relative to other essential cellular compounds [89]. Examples of the
diversity of thiol containing compounds include the active site of enzymes such as
glyceraldehyde-3-phosphate dehydrogenase, amino acids methionine, cysteine and the
derivative N-acetyl cysteine and some coenzymes such as coenzyme-A (89, 94].
Glutathione is probably the most important thiol compound in respect of cellular
function [88], and has been extensively investigated [88, 91, 92]. Glutathione is the
tripeptide y-glutamyl cysteinyl glycine (figure 1.4) and is distinctive because it
contains a y-glutamyl linkage, which is resistant to the action of peptidases, and a
reactive thiol moiety forming part of the cysteinyl residue [90]. It appears to occur
almost universally in nature and at high intracellular concentrations. Reported values
indicate a typical intracellular concentration of 5 mM [89, 92] with some examples,
rabbit lens and rat hepatocytes, reaching concentrations of 10 mM [88]. The
intracellular concentration of glutathione is higher than the reported intracellular
concentrations of other biologically significant molecules such as glucose (5 mM), ATP
(3 mM), glutamate (2 mM), NAD (1 mM) and other thiols such as coenzyme-A [95].

Glutathione has many important roles in physiological and toxicological

processes.
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Gly H—C—H

Cys H—C—CH,—SH

figure 1.4. Glutathione molecule
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To illustrate its diversity, it has been shown to take part in biosynthesis [91, 92, 96],
endogenous and xenobiotic metabolism {13, 92], Phase II conjugation reactions
(detoxification of P-450 activated compounds) [38], free radical and oxygen toxicity [70,

971.

1.5.2 Biosynthesis and Turnover of Glutathione

Studies with selective inhibitors of glutathione associated enzymes have given
some insight into its biosynthesis and metabolism with regard to its roles within the
cell [91, 98]. The reactions concerning the synthesis and turnover of glutathione,
referred to as the y-glutamyl cycle, are summarised in figure 1.5. Glutathione is
synthesised intracellularly from its constituent amino acids by the consecutive actions
of the enzymes y-glutamylcysteine synthetase and glutathione synthetase [92]. The
activity of the first enzyme is feedback inhibited by glutathione, hence regulating its
concentration [91, 92]. Glutathione, glutathione disulphide and S-substituted
glutathione are catabolised by y-glutamyl transpeptidase which transfer the
v-glutamyl moiety to acceptor amino acids [92]. Whilst GSH is predominantly
intracellular, y-glutamyl transpeptidase activity appears to be located on the external
surface of the membrane, with a significant degree of this activity associated with the
renal brush border [92]. Intracellular y-glutamyl amino acids are converted to the
free amino acids and 5-oxoproline by the action of y-glutamyl cyclotransferase, the 5-
oxoproline is then converted to glutamate by the action of 5-oxoprolinase which is
ATP-dependent. Cysteinylglycine, formed in the transpeptidase reaction, is split by

the action of dipeptidase [92].
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5-Oxoproline
AA
8 .
Protein-S-S-Cys
Glu
1\} Cys
N

Cys-Gly  v-Glu-AA

v-Glu-Cys \/-
Gly 6
AA
2
X
5

* GLUTATHIONE (GSH)
(v-Glu-Cys-Gly)

3
4
GSSG GS-X
Abbreviations: Enzymes:
AA - amino acid (1) - y-glutamyl-cysteine synthetase
Glu - Glutamine (2) - glutathione synthetase
Cys - Cysteine (reduced) (3) - glutathione peroxidase
Gly - Glycine (4) - glutathione reductase
X - any conjugating species (5) - glutathione-S-transferase

(6) - y-glutamyl transpeptidase
(7) - dipeptidase (non specific)
(8) - y-glutamyl cyclotransferase
(9) - Oxoprolinase

figure 1.5. Pathways of glutathione turnover
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1.5.3 Biological roles of Glutathione

The diverse biological roles of glutathione are illustrated by its biochemistry
associated with its roles in coenzyme function and conjugation reactions, and in
biosynthetic pathways [91]. A frequent reaction of glutathione is conjugation with
electrophilic species [89]. This may occur spontaneously with a ’soft’ electrophile or
may be catalysed by the glutathione-S-transferases [89, 90, 93]. In the case of
xenobiotics, the glutathione conjugates are often further metabolised by y-glutamyl
transpeptidase to form the cysteinylglycine residue, dipeptidase to form the cysteine
conjugate, and N-acetylase to form the N-acetyl cysteine conjugate [91, 92], for which
a specific renal excretion mechanism exists [99]. However, this pathway is also of
toxicological relevance in the mechanism of toxicity of hexachlorobutadiene which
forms reactive species in the kidney after the formation of the N-acetyl conjugate in

the liver [90, 99].

1.5.4 Chemical properties of Glutathione
A physiologically important property of glutathione is its oxidation to form
glutathione disulphide (GSSG) at the expense of potentially toxic oxidising species or
free radicals [70]. This can occur chemically via the formation of the thiyl radical
(GS:) [100]. This can be achieved in a number of ways. Firstly, hydrogen abstraction
by an alkyl free radical (R,C- + GSH — R,CH + GS-). This occurs because the C-H
bond strength is higher than the S-H bond [100]. Secondly, via a one electron

donation of the reaction type:

X. + GS™ > X7 + GS.

This is important with regard to the superoxide ion radical, the hydroxyl radical and
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radicals derived from halogens, azide, sulphate and nucleic acids [100]. Other modes
of thiyl radical formation include photochemical production and spontaneous
decomposition of conjugates (e.g. thionitrites) [100]. These are probably less important

in biological systems.

1.5.6 Biochemistry of Glutathione - The Glutathione Redox Cycle
The purely chemical reactions of glutathione, in biological systems, have a
limited application because of a lack of specificity of the reactive thiol and the
inefficiency of the uncatalysed reactions [89]. A more biologically significant role, in
terms of antioxidant defence, is the enzyme catalysed oxidation of GSH to GSSG,
whilst reducing hydrogen peroxide to water. The enzyme which catalyses this reaction

is glutathione peroxidase. The stoichiometry of the reaction is:

2GSH + H,0, — GSSG + 2H,0

Glutathione peroxidase consists of a number of components which may be classified
in terms of selenium dependent [101], and non-selenium dependent activities [102].
The selenium dependent glutathione peroxidase occurs freely in the cytosol and the
mitochondria and it is thought that the enzyme in both cases is identical [103]. They
are both tetrameric proteins [103]. There is evidence that a different form of the
selenium dependent enzyme exists in the lipid phase of the cell membrane, which is
monomeric [103]. The non selenium dependent component of glutathione peroxidase
is associated with isozymes of the glutathione-S-transferases [104]. These isoenzymes
are thought to be involved in the reduction of lipid hydroperoxides and hydrogen
peroxide as it has been observed that the selenium dependent enzyme activity has a

pronounced (although not absolute) substrate specificity for hydrogen peroxide [103].
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Glutathione peroxidase activity has also been observed with hamoproteins [105]
although the relevance of this in vivo is uncertain. GSSG is reduced intracellularly
by glutathione reductase, a flavoprotein containing a tightly bound FAD molecule,
whose action is dependent on NADPH, the major source in lung being the hexose
monophosphate shunt [29]. The oxidation and subsequent reduction reactions of
glutathione in this way are collectively referred to as the glutathione redox cycle.
The role of the glutathione redox cycle is the reduction of hydrogen peroxide,
formed intracellularly, by acting as a co-enzyme for glutathione peroxidase [106].
Hydrogen peroxide is formed from toxic oxygen species (the superoxide ion free radical)
by the action of the enzyme superoxide dismutase [76]. GSSG is reduced at the
expense of NADPH formed as a result of the hexose monophosphate shunt (glucose-6-
phosphate dehydrogenase) [106]. This can have implications for compounds that
produce toxic oxygen species in quantities that saturate the ability of glutathione
peroxidase to remove such species, in that other metabolic pathways may be involved

in the sequence of toxic effects observed.

1.5.7 Chemical and Biochemical aspects of Glutathione Conjugation

Conjugation with glutathione represents an important cellular defence
mechanism against the toxic action of a wide variety of reactive electrophiles [107].
Glutathione is a nucleophile that can react chemically with electrophiles [89]. At
physiological pH, reduced glutathione occurs predominantly as the thiolate ion (GS)
and it is this which is the active nucleophile [108]. Reactions of glutathione show
some selectivity between electrophiles of similar reactivity [93]. The basis for this is
described in terms of chemical "hardness” and "softness" of electrophiles and
nucleophiles [109]. These are functions of the ability of a polarised charge centre of

a molecule or species to undergo further polarisation and can be considered, partly,
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in terms of the polarised charge density [93, 109]. The facility of reaction between
electrophiles and nucleophiles is restricted to those of similar hardness [109]. This is
thought to be due to the energy barrier of the transition state of reaction being greater
with nucleophiles and electrophiles of dissimilar hardness [93, 109]. This concept is
independent of the strength of an electrophile or nucleophile. Hard electrophiles are
highly polarised, have a high positive charge density at the electrophilic centre and
thus further polarisation of the molecule is difficult. Soft electrophiles have a low
positive charge density that is readily polarisable. The same is true for nucleophiles
and negative charge density [109]. Examples of hard and soft electrophiles and
nucleophiles are shown in table 1.3. With reference to glutathione, the large atomic
volume of sulphur, and thus diffuse electron density, render the thiol group a
particularly soft nucleophile [109]. Conjugation of a xenobiotic compound with
glutathione can proceed non-enzymatically or, more commonly, via the action of the
glutathione-S-transferases [89]. These are a group of isoenzymes, ten of which have
been characterised in rat liver [110]. These transferases have an overlapping ability
to bind a wide variety of substrates independent of their ability to conjugate them with
glutathione {90]. This function led to a previous terminology of 'ligandins’ [111].
Glutathione-S-transferases can detoxify very reactive xenobiotic intermediates in their
own right by covalent protein modification [90]. The transferases have a dimeric
structure in which the monomers fall into three categories as defined by their
apparent molecular weights; Y, (M.Wt. 22,000), Y, (M.Wt. 23,000) and Y, (M.Wt.
25000) [90]. Glutathione-S-transferases A, C, D and E are homodimers of Y, but vary
in isoelectric points and substrate specificity which probably indicates that Y, is a
family of polypeptide monomers of similar molecular weight. Transferase AAisaY,
homodimer while Transferase B is separable into two forms; a Y, homodimer, and a

Y,Y, heterodimer [90].
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Table 1.3: Examples of Hard and Soft Nucleophiles and Electrophiles

Type Electrophiles Nucleophiles
Hard Charged species e.g. Alkyl Oxygen atoms of phosphate
carbocations groups of nucleic acids.

Electrophiles containing an
asymmetric electronegative

group

Soft asymmetrically polarised Species containing a lone pair
C=C double bonds e.g. of electrons and/or a large
cyanoethylene atomic volume e.g. amine

(-NHj3) and thiol (-SH) groups.
carbonyl groups of
aldehydes and ketones
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Glutathione-S-transferase AA and both forms of transferase B possess glutathione
peroxidase activity when measured in vitro but the in vivo role for these has not been
clearly defined [90]. It is likely that the peroxidase activity of these enzymes has a
role in the reduction of organic hydroperoxides [103]. Alternative nomenclatures for
glutathione-S-transferases have been proposed based on the chronological order in
which the subunits have been characterised [110]. The subunits are denoted by a
number (1 to 10), and the enzymes are referred to in terms of these subunits e.g. 1-1,
2-2 (homodimers), 1-2 and 3-6 (heterodimers) [110]. The relationship between the
nomenclatures are shown in table 1.4.

Endogenous roles of glutathione conjugation reactions include the formation of
leukotrienes from arachidonic acid metabolites [96], which take part in chemical
signalling systems in the immune system. Leukotriene A, for example, forms a
glutathione conjugate to give leukotriene C. Removal of the y-glutamyl moiety to give
the cysteinylglycine conjugate results in the formation of leukotriene D [96]. Further
metabolism by dipeptidase to form the cysteine-S-conjugate gives leukotriene E.
Leukotrienes C, D and E have been identified as Slow Reacting Substance of
Anaphylaxis (SRS-A) [112]. The disturbance of such metabolism may have important
toxicological implications [96], especially in the lung which is a major site of

leukotriene metabolism [26, 96, 112].

1.5.8 Experimental Modulation of Glutathione Biochemistry
Modulation of thiol status, that is, the functional state of thiol groups, can
reveal much information about its role in toxicology and cell injury [107]. Cells within
an organism may be exposed to a wide variety of compounds of exogenous origin [107].
Glutathione has been shown to be involved in limiting cell injury due to the

deleterious effects of xenobiotic metabolic reactions [107].
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Table 1.4: Glutathione-S-Transferase Subunits in the Rat

Chronological
Nomenclature

10

Mobility on
SDS-PAGE
Ya
Ye
Ybl
YbZ
% %k Xk
Yn

Yf or Yp

Yn

X% % %

Molecular
Weight
25,000
28,000
26,500
26,500
26,500
26,000
24,000
24,500
26,000

25,500



Chapter 1 49
The y-glutamyl cycle and the GSH-GSSG redox cycle can be modified to alter the
absolute levels of GSH and the relative levels of GSH, GSSG and GSH conjugates [98].
v-Glutamylcysteine synthetase can be inhibited by buthionine sulphoximine which
prevents further synthesis of glutathione [113]. Compounds that combine with
glutathione, will lower the levels of GSH by depleting the intracellular glutathione
pool. Diethyl maleate lowers GSH by this mechanism via the activity of
glutathione-S-transferase. Intracellular GSH can also be lowered by oxidation to the
disulphide (GSSG), followed by subsequent transport out of the cell. Oxidation of GSH
is reversible due to the activity of glutathione reductase [106]. Glutathione levels can
also be modulated by the use of the cysteine delivery system, L-2-oxothiazolidine-4-
carboxylate (a 5-oxoproline analogue) [98, 115]. This is illustrated in figure 1.6. In
the glutathione redox cycle, glutathione peroxidase has proved difficult to selectively
inhibit due to the nature of the enzyme although several compounds have been found
to interfere with its action. Selenium deficient diets have been used to reduce the
activity of the enzyme in model systems but this is difficult to achieve in practice as
selenium is difficult to exclude from the diet, and has a low turnover [116]. This
means that the time needed to produce a reduction in peroxidase activity in some
organs may well be eclipsed by the deleterious effect of such a diet on the whole
organism [116]. Chemical inhibitors include cisplatin [117], aurothioglucose [118] and
mercaptosuccinate [119]. Aurothioglucose has the greatest potential for selective
inhibition, as the other compounds are limited by extreme toxicity or by the
interference of non specific effects. Disadvantages of the chemical inhibition of
glutathione peroxidase include the unknown distribution of the inhibitor, which may

limit its experimental value.
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5-Oxoproline ‘
OTC
1;

v—Cys
BsTo . Cys-Gly +-Glu-AA
v-Glu-Cys \/
Gly
AA
DEM
Phorone
GSH
H,0,
BCNU t-Bu-OOH
GSSG
GSH-Conjugate
Abbreviations: Compounds:
AA - amino acid BCNU - 1,3-bis(2-chloroethyl)-1-
Glu - Glutamine nitrosourea
Cys - Cysteine (reduced) t-Bu-OOH - ¢-butyl hydroperoxide
Gly - Glycine H,0, - hydrogen peroxide

DEM - diethyl maleate

BSO - buthionine sulphoxime

OTC - L-2-oxothiazolidine-4-
carboxylate

figure 1.6. inhibitors of the y-glutamyl cycle.
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A further difficulty is that the non-selenium dependent activity, associated with the
glutathione-S-transferase activities, may assume the role of the inhibited selenium
dependent enzyme as the transferase enzymes are inducible [103].

Glutathione reductase can be selectively inhibited by the antitumour agent 1,3-
bis(2-chloroethyl)-1-nitrosourea (BCNU) [120]. This compound produces irreversible
inhibition of the reductase enzyme via carbamoylation [121]. Selective modulation of
the glutathione redox cycle is an important tool in investigating the role of glutathione
in oxidative mechanisms of toxicity. Potentiation of toxicity by inhibiting glutathione
reductase activity is a possible indicator of oxidative stress and demonstrates the need

for reduced glutathione in maintaining cell integrity.

1.5.9 The Role of Glutathione in Toxicology

Glutathione plays an important part in the cellular defence against toxic
chemicals [107]. The role of glutathione and protein thiol depletion has been
investigated using model compounds, for example, menadione (2-methyl-14-
naphthoquinone) [107, 122]. For many toxic chemicals, a reactive electrophile may be
formed as a result of the cytochrome P-450 associated mixed function oxidase system
(37]. Such electrophiles may react chemically or enzymically with glutathione which
results in an effective depletion of functional GSH levels [89]. Some compounds
produce toxic oxygen species by a variety of mechanisms involving free radical
formation, which usually results in the formation of hydrogen peroxide by the
conversion of superoxide by superoxide dismutase {70]. Hydrogen peroxide is removed
by the action of glutathione peroxidase and GSH, resulting in the formation of GSSG
which is normally reduced back to GSH by glutathione reductase at the expense of
NADPH [106]. This system can become saturated when the rate of reactive oxygen

species produced increases as a result of toxic stress, especially when NADPH becomes
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limiting [106]. In these situations, GSSG accumulates as hydrogen peroxide can
chemically as well as enzymically oxidise thiol groups [88, 92]. GSSG and GSH-
substituted compounds are actively transported out of the cell by an ATP-dependent
mechanism probably involving a translocase protein [123]). In conditions of oxidative
stress, mixed disulphide formation and thiol oxidation in proteins may play a
significant role in the loss of protein function [107].

It has been observed that with some compounds that produce oxidative stress,
cell death is preceded by GSH depletion and oxidation of protein thiol groups [124].
Studies with menadione have shown that the oxidation of GSH to GSSG is the major
pathway of GSH depletion. It has also been shown that formation of conjugates of
menadione with glutathione, and of mixed disulphides between glutathione and
cellular proteins, account for minor fractions of GSH consumption [{125]. When this
phenomenon is investigated more closely, it can be seen that GSH depletion is an
early event whereas the loss of protein thiol groups is a much later event in the
development of toxicity [107]. The implication of this is that protein thiol groups are
critical for the normal functioning of the protein and their integrity is maintained, to
some degree, by GSH [107]. It has been argued that protein thiol group oxidation does
not necessarily lead to the expression of cell toxicity, as some protein thiol groups are
more important in maintaining protein function than others and represent a ’critical
thiol fraction’ of total protein thiol groups [107]. It remains uncertain as to how small
this proportion of thiol groups is.

During many examples of oxidative stress produced by redox cycling compounds
or by diamide, a GSH oxidising compound, numerous blebs appear on the surface of
the cell. There is evidence to suggest that this blebbing is due to a redistribution of
intracellular calcium [126]. It is of interest to note that in menadione exposure, in

hepatocytes, GSH loss precedes calcium loss [107]. In the normal situation, a low free
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cytosolic calcium concentration is maintained by an active compartmentation process
and by tightly binding to proteins such as calmodulin [126). Calcium is taken up into
mitochondria by an energy dependent mechanism and released by a Ca*/H* antiport
process which is probably mediated by the redox state of intramitochondrial pyridine
nucleotides [127]. It has been suggested on the basis of recent evidence that thiols
may be important in modulating mitochondrial calcium transport [126]. The transport
of calcium across the endoplasmic reticulum and the plasma membrane appears to be
mediated by calcium stimulated, magnesium dependent ATPases which rely on the
maintenance of free thiol groups to preserve its activity [128]. Menadione impairs the
ability of mitochondria to take up and retain calcium by interfering with the protein
thiols affecting the uptake mechanism, and by altering the redox state of
intramitochondrial pyridine nucleotides [124]. Reticular calcium homeostasis is
impaired by the oxidation and the arylation of protein thiol groups, and by the

formation of protein mixed disulphides [126].
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1.6 GENERAL AIMS

The primary aim of the work presented in this thesis is to elucidate the
involvement of glutathione in mechanisms of pulmonary toxicity. Also, to establish
relative differences, between pulmonary cell types, of toxicity, defence enz&me
activities and glutathione, and their relative importance in terms of pulmonary
toxicity. It is hoped to achieve this in several ways:

1) The evaluation of the use of adenosine accumulation as an indicator of cell

specific toxicity.

2) The use of specific enzyme inhibitors in a lung slice system to modulate the

toxicity of a number of compounds.

3) The modulation of glutathione levels in vivo to assess its role in the

endothelial toxicant a-naphthylthiourea (ANTU).



55
Chapter 2

Materials and Methods

MATERIALS
Animals
Male Wistar rats (180-220g body weight) were obtained from OLAC,
Southampton, UK and were used in experiments unless otherwise stated. Animals
were maintained in a temperature controlled environment on a 12 hour light/12 hour
dark cycle and allowed access to standard laboratory diet and water ad libitum. Rats

were acclimatised to these conditions for a period of not less than two weeks.

Chemicals
The following were obtained from The Sigma Chemical Company, Poole, Dorset, UK:
Chemicals: adenosine, inosine, hypoxanthine, adenine, adenosine
5-triphosphate (disodium salt, prepared by phosphorylation of adenosine),
adenosine 5’-diphosphate (sodium salt, from equine muscle), adenosine 5'’-
monophosphate (sodium salt, from equine muscle), inosine 5-monophosphate,
carboxyatractyloside (dipotassium salt, from Actractylis gummifera), ethylene
diamine tetra acetic acid dihydrate (disodium salt), aurintricarboxylic acid,
8-aminoguanosine, P1,P5-di(adenosine-5’) pentaphosphate (sodium salt),
oligomycin, &-amino-5-deoxyadenosine, (p-toluene sulphonate salt),
dipyridamole, sodium potassium tartrate tetrahydrate (Rochelle salt),
5,5-dithiobis-(2-nitrobenzoic acid), mercaptosuccinic acid, 3-amino-1,2,4-triazole,

o-phthalaldialdehyde, bovine serum albumin.
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Enzymes: glutathione-S-transferase

The following were obtained from Aldrich Chemical Company, Gillingham, Dorset, UK:

Chemicals: 1,4-benzoquinone.

The following were obtained from BDH Limited, Poole, Dorset, UK:

Chemicals: sodium chloride, potassium chloride, calcium chloride dihydrate,
magnesium sulphate heptahydrate, potassium dihydrogen phosphate, disodium
hydrogen phosphate dihydrate, sodium dihydrogen phosphate dihydrate,
sodium arsenate heptahydrate sodium carbonate, copper sulphate
pentahydrate, sodium hydroxide, Folin and Ciocalteu’s phenol reagent, sucrose,
hydrogen peroxide.

Solvents: 1-butanol, ethyl acetate, 2-methylpropan-1-ol, pentan-1-ol,

2-ethoxyethanol, ammonia (35% NHg w/w).

The following were obtained from Rathburn Chemicals Limited, Peebleshire, Scotland,
UK:

Solvents: Methanol.

The following were obtained from Boerhinger-Mannheim, W. Germany:
Chemicals: reduced glutathione, oxidised glutathione.

Enzymes: glutathione reductase.

The following were obtained from Amersham International plc, Buckinghamshire, UK:
Radiolabelled Chemicals: [U-!*Cl-spermidine (117mCi/mmol),

[U-!C]-putrescine (118mCi/mmol), [2-3H]-adenosine (23Ci/mmol).
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The following were generous gifts of Mr I Wyatt, ICI plc Macclesfield, Cheshire, UK:

Chemicals: paraquat dichloride, diquat dibromide monohydrate.
The following was a generous gift of Dr Y S Bahkle, The Royal College of Surgeons,
Lincolns Inn, London, UK:

Chemicals: alpha-naphthylthiourea.
I am grateful to Mr S Forrow for the preparation of the following:

Chemicals: 2,3-dimethoxy-1,4-naphthoquinone (prepared according to the

method of Gant et al [122]).

WORKING SOLUTIONS

Krebs Ringer solution, phosphate buffered with glucose (KRP) {129]

Compound Concentration
mM mg/L
sodium chloride 130 7597.2
potassium chloride 5.2 387.7
calcium chloride 1.9 279.3
magnesium sulphate 1.29 317.9
sodium phosphate (buffered) 10 1560.1
glucose 11 1981.8

pH adjusted to 7.4 with 1.0 M sodium hydroxide solution



Krebs Ringer solution, phosphate buffered with glucose,
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supplemented with amino acids (KRP-AA)

Compound

sodium chloride

potassium chloride

calcium chloride
magnesium sulphate
sodium phosphate (buffered)
glucose

L-serine

L-methionine

L-cysteine

L-glutamine

glycine

Gibco Minimum Essential
Medium amino acids (50x)

without L-glutamine

Concentration
mM mg/L
130 7597.2
52 3877
1.9 279.3
1.29 317.9
10 1560.1
11 1981.8
0.2 21.02
0.2 29.84

0.2 35.12 (hydrochloride)

0.2 29.42
0.67 50.30
2% viv

pH adjusted to 7.4 with 1.0 M sodium hydroxide solution

(Composition of Gibco minimum essential medium amino acids (in mg/L):-
arginine hydrochloride (6320), cysteine (1200), histidine hydrochloride monohydrate
(2100), isoleucine (2625), leucine (2620), lysine hydrochloride (3625), methionine (755),

phenylalanine (1650), threonine (2380), tryptophan (510), tyrosine (1800), valine

(2340).)



1-butanol
ethyl acetate
methanol

ammonia

2-methyl-1-propanol
1-pentanol
ethoxyethanol
ammonia

water
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TLC Solvent I

42 ml
24 ml
18 ml

24 ml

TLC Solvent II

18 ml
12 ml
36 ml
18 ml

24 ml

59
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METHODS

Administration of compounds in vivo

Phorone was administered as a homogeneous solution in corn oil via the
intraperitoneal route such that 300 ul per 200 g body weight yielded the desired ciose
in mg/kg. Phorone was administered 48 hours prior to further experimentation.

ANTU was administered as a suspension in corn oil via the intraperitoneal
route such that 300 ul per 200 g body weight yielded the desired dose. ANTU was
administered prior to subsequent assessment until death or recovery for the in vivo
studies and 4 hours before sacrifice for the in vitro studies. Homogeneity of the
suspension was ensured by sifting the solid ANTU, suspending in corn oil within one

minute of administration and by continuous mixing.

Preparation of Rat Lung Slices
(i) Preparation of control slices
The preparation of rat lung slices for in vitro studies is based on the method
of Rose et al. [129]. There are several advantages in the use of tissue slices over other
systems: oxygen and xenobiotics can quickly and freely diffuse through the slice, some
of the architecture of the lung is maintained within the slice, The system also allows
assessment of different biochemical parameters under a number of different conditions

on tissue from the same lung. This system has been characterised previously [129].
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Rats were anaesthetised by injection of Nembutal (sodium pentobarbital,

60 mg/ml) 60 mg/kg i.p. until the withdrawal reflex was lost. The lungs were perfused
in situ with KRP aerated with Carbogen using a single pass procedure employing a
Watson-Marlow 502-S peristaltic pump. Tissue slices of 0.5 mm thickness were then
prepared using a Mcllwain tissue chopper (Mickle Ltd, Godalming, Surrey, UK).
Slices with two cut surfaces and taken from different lobes were used for each single

determination.

(ii) Preparation of slices with inhibited glutathione reductase activity
This procedure, taken from Hardwick et al. [130], results in viable lung slices

with irreversibly inhibited glutathione reductase activity.

Lung slices were prepared as described above. Slices were preincubated in 5
ml KRP to which 100 pul of BCNU in DMSO had been added to give a final
concentration of 100 uM. The buffer was also supplemented with L-cysteine (0.2 mM),
glycine (0.67 mM), L-methionine (0.2 mM) and MEM amino acid solution without L-
glutamine (Gibco 50X strength, 1 ml per 50 ml of buffer). The slices were incubated
for 45 minutes at 37° C in conical flasks shaken at 60 cycles/minute. Control slices
were similarly treated except that BCNU and the amino acids were omitted. All the
lung slices were washed in amino acid-free KRP and reincubated in fresh KRP for the

duration of the experiment.
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Incubation of lung slices with compounds

Lung slices were prepared as described and allowed to incubate in 4.9 ml of

KRP for 30 minutes. Compounds were dissolved in KRP or DMSO such that 100 ul
added to 4.9 ml of KRP yielded the desired final concentration. Exposure to
compounds was terminated by removing the lung slice from the medium and waslﬁng
in fresh KRP before any further treatment. Solvent controls were run for each
experiment but the results were shown for these only where they differed from no-

solvent controls.

Measurement of Reduced Glutathione (GSH)
(i) Method of Hissin and Hilf [131].

The principle of this method is the chemical formation of a fluorescent adduct
(figure 2.1 [132]). The advantage of this method is its sensitivity in that nanomole
quantities of glutathione can be detected. A disadvantage of this method is that the
assay is not absolutely specific for GSH in that a number of other acid soluble NPSH’s
are detected by this method [133]. It has previously been shown that the majority of

acid soluble thiols in lung tissue (>90%) comprise of GSH [134].

o H
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figure 2.1. Structure of adduct formed between glutathione and o-phthalaldialdehyde.
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Lung slices were homogenised in 0.1 M phosphate buffer/5 mM EDTA, pH 7.6

using a Polytron (Kinematica, Hull, UK.) for 15 seconds in iced water and
immediately, an equal volume of ice-cooled 13% TCA was added. The acidified
homogenate was then mixed and allowed to stand for 1 hour at 4° C, to ensure
complete precipitation of protein. The precipitated protein was removed by
centrifugation in a refrigerated centrifuge (Denley BR 401) at 3500 rpm for 15
minutes. GSH standards were prepared in a mixture of equal volumes of 13% TCA
and the buffer used for homogenisation. Supernatant or standard (100 ul) was added
to 3.0 ml of 0.1 M phosphate buffer/5 mM EDTA, pH 8.0 and was followed by the
addition of 100 ul of o-phthalaldehyde (2 mg/ml in methanol, freshly prepared). This
was then mixed and allowed to stand at room temperature, in the dark, for 30
minutes. Fluorescence was then measured at an excitation wavelength of 350 nm and
an emission wavelength of 420 nm using a fluorescence spectrophotometer (Perkin-
Elmer LS3). GSH concentration in samples was related to that fluorescence produced

by the known GSH concentration in the prepared GSH standards.

(ii) Method of Brigelius et al. [135].

This assay relies upon the enzyme catalysed formation of a colorimetric product
using glutathione-S-transferase and CDNB to form the glutathione adduct. A much
enhanced specificity for GSH is shown by this method in relation to the fluorometric
method described above. This assay did not detect GSH related thiols:
N-acetylcysteine, cysteine or glutamyl cysteine. Disadvantages of this assay are that
the enzyme may be subject to inhibition or other modulation by components in the
sample such that an end point is not reached, the assay is not sufficiently sensitive
enough to detect GSH in lung slices but is more applicable to whole lung

Lung tissue was clamped in stainless steel tongs cooled to the temperature of
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liquid nitrogen, and was then pulverised in a stainless steel percussion mortar,
similarly cooled. The resulting powder was transferred to 1.0 M PCA. The suspension
formed was allowed to stand for 1 hour at 4° C to ensure complete precipitation of
protein. The precipitated protein was removed by centrifugation in a refrigerated
centrifuge (Denley BR 401) at 3500 rpm for 15 minutes. GSH standards were
prepared in 1.0 M PCA. 1.0 ml of ice-cooled sample or standard was neutralised with
ice-cold 1.0 M potassium hydroxide, and the precipitate was removed by
centrifugation, keeping the solution between 0 and 4° C. A quartz cuvette was
prepared containing 500 pl 0.1 M potassium phosphate buffer, pH 7.0 and 10 pl 10
mM CDNB in ethanol, prewarmed to 37° C. 100 pl of neutralised sample or standard
was added to the cuvette and the reaction was initiated by the addition of 10 nl of
GSH-S-transferase (35 units/ml) and the absorbance was followed for five minutes at
the wavelength pair 340-400 nm wusing a Sigma ZWS II dual wavelength

spectrophotometer.

Measurement of adenosine triphosphate (ATP) [136]

The determination of ATP in lung slices requires a method capable of greater
sensitivity than that produced by spectrophotometric methods. The method of choice
for these experiments is a bioluminescence assay based on the ATP driven production
of photons from luciferin catalysed by luciferase. The luciferin/luciferase is provided

by a crude extract from firefly lanterns.

Lung slices were homogenised, acid-precipitated and centrifuged in the same
manner as described in the determination of GSH by the method of Hissin and Hilf.
An assay buffer was freshly prepared consisting of a mixture of equal volumes of

solutions of magnesium sulphate (80 mM), potassium dihydrogen phosphate (10 inM)
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and sodium arsenate (100 mM). ATP standards (2.5-40 pM) were prepared in a
mixture of equal volumes of 13% TCA and the buffer used for homogenisation. 10 ul
of sample or standard was added to 2 ml of the assay buffer in disposable plastic test
tubes (75 x 12 mm). The firefly lantern extract was resuspended in distilled water (5
ml/vial) and insoluble material was removed by centrifugation in a refrigerated
centrifuge (Denley BR 401). The supernatant formed was maintained at a
temperature between 0-4° C to retard decomposition. The bioluminescence reaction
was initiated by adding 100 pl of resuspended firefly lantern extract supernatant to
the sample or standard in assay buffer. Photons, measured as counts per second
corrected for background interference, were counted for 6 seconds after a lag time of
15 seconds after the addition of the lantern extract. ATP concentration was related

to those photon counts per second produced by ATP standards of known concentration.

Accumulation of radiolabel

The accumulation of radioactivity by lung slices incubated in the presence of
(}4C]-spermidine and ['*C]-putrescine has been correlated with pulmonary epithelial
cell function in previous studies [13]. The accumulation of radioactivity in the
presence of [2-*H]-adenosine was used to assess the function of cell types in the lung
other than the epithelium, primarily the pulmonary endothelium. The use of
(2-3H]-adenosine was based on initial studies by Hardwick {137] and is more fully
investigated in chapter 3. The methodology for the accumulation studies was adapted

from Gordonsmith [138].



Chapter 2 66
(i) Spermidine

Lung slices were prepared as described and treated according to the procedure

used. The slices were washed by brief immersion in fresh KRP and placed into conical
flasks containing 4.9 ml KRP. 100 ul of [**C]-spermidine, adjusted with unlabelled
spermidine, was added to the flask such that the resultant concentration was 10 nM
with a specific activity of 0.1 nCi per 5 ml (flask volume). The lung slices were
allowed to incubate for 30 minutes at 37° C in a shaking water bath. The slices were
then removed and washed by brief immersion in fresh KRP and blotted to remove
excess fluid. The slices were then dissolved by the addition of 0.4 ml 1.0 M sodium
hydroxide solution and maintained at 95-100° C for 30 minutes. If dissolution is not
complete after gentle agitation, the slices were then maintained for a further 15
minutes at 95-100° C until dissolution was complete. The dissolved lung slices were
then allowed to cool and were then neutralised by the addition of 0.4 ml 1.0 M
hydrochloric acid. The neutralised solution was then added to 4.0 ml Aquasol in Beta
vials and assessed for radioactivity by scintillation counting in a Rackbeta LKB 1216

liquid scintillation counter.

(ii) Adenosine
The procedure for spermidine accumulation was followed but modified in the
following ways: [2->H]-adenosine was used in place of spermidine such that the
resultant concentration in which the lung slices were incubating was 10 M with a
specific activity of 1.0 nCi per 5 ml (flask volume). The slices were allowed to incubate

for 15 minutes in a shaking water bath at 37° C.
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Analysis of nucleotides and nucleosides by TLC

The procedure described here followed that of Shimizu et al. [139] for
nucleoside separation, and on that of Norman et al. [140] for nucleotide separation.
These separation procedures were used by Bakhle and Chelliah [141] for the in vitro
analyses of adenosine metabolites in the isolated perfused rat lung. In this study, the
separation of nucleotides and nucleosides was achieved using homogenates from lung
slices incubated with [2-*H]-adenosine. Two different solvent systems were employed

in order to resolve nucleosides [139] and nucleotides [140].

Lung slices were incubated in a range of concentrations of [2-3H]-adenosine (5.0
pCi/5 ml) for varying time periods. The slices were then homogenised, acid
deproteinised and centrifuged as described previously. Nucleotide and nucleoside
standards (unlabelled) were prepared using ATP, ADP, AMP, IMP, inosine, adenosine,
hypoxanthine and adenine in separate solutions and as a mixture of each of the above.
In addition, a radiolabelled mixture of the above was prepared containing
(2-3H]-adenosine (1.0 pCi/ml). Each standard was adjusted to a final concentration of
1 mM. Standards were prepared in a mixture of equal volumes of 13% TCA and the
buffer used for homogenisation. Supernatant or standard (10 ul) was spotted onto a
20 x 20 cm fluorescent-coated, aluminium backed TLC plate. Spots were placed 2.5
cm from one edge and spaced 4.0 cm apart on duplicate plates to run in two TLC
solvent systems (TLC solvent I and TLC solvent II as described in working solutions).
The plates were run in TLC solvent tanks until the solvent height reached between
2 and 4 cm from the upper edge. The plates were then removed from the solvents, the
solvent height marked and allowed to dry for at least eight hours. The plates on
which the unlabelled standards were run were viewed under a uv lamp and each

standard, noted as a fluorescent-quenched area, was marked. The plates on which the
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labelled standard and samples were run were marked into areas which extended 1 cm
either side of the baseline spot perpendicular to the direction of solvent flow, and 0.5
cm either side of the baseline spot parallel to the direction of solvent flow. Successive
2 x 1 cm areas were marked from the baseline spot to the solvent height. Each area
was then separated, placed into Beta vials and 4.0 ml of Aquasol liquid scintillant was
added. These were then assessed for radioactivity. The resultant radioactivity was
plotted against Rf values obtained from the baseline to the central point of each area.

The results were compared to those obtained with unlabelled standards.
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Statistical Analysis of Data

Quantified data without error bars represent results from one experiment
typical of several. Unless otherwise stated, error bars represent the standard error
of the mean (sem, from 3 experiments) around which they are centred. Where data
differs from its relevant control, or between treatments (as stated in the legend),
probability of significance is accepted when greater than 95% (i e P > 0.95 or, for the
null hypothesis that there is no significant difference, P < 0.05). Statistical
significance was tested according to Student’s t-test and is indicated via the null
hypothesis in the text ("p < 0.05") or, on diagrams, with an asterisk (*). Where
comparisons have been made between pretreatments, asterisk superscript 1 (*!) refers
to significant difference from controls within a pretreatment group, whilst asterisk

superscript 2 (*2) refers to significant difference between two pretreatments.
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Chapter 3

The accumulation of adenosine by rat lung slices - its
potential as an indicator of cell specific toxicity.

INTRODUCTION

Pulmonary toxicity can manifest itself in terms of histological changes or
alterations in some aspect of cellular function [142]. This may be expressed
physiologically as a loss of lung function. A limitation in the assessment of toxicity,
produced in vivo or in vitro, is the correlation of functional changes with degrees of
injury to particular cell types within such a heterogeneous organ [142]. This problem
has been approached in vitro by the exploitation of the specificity of cell types within
the lung to accumulate certain compounds. The accumulation of oligoamines, for
example, has been used to reflect alveolar epithelial function and has been
characterised previously (13, 142-144]. The pulmonary endothelium also represents
a target for cell-specific toxicity [22]. The accumulation of 5-hydroxytryptamine (5-HT)
into rat lung [144], and angiotensin converting enzyme (ACE) activity [145] have been
used in studies relating to endothelial toxicity in the appropriate models.

A number of studies have implicated the involvement of adenosine in the
control of vascular tone. Early studies on adenosine centred on its role as a
vasodilator [146, 147]. Inactivation was thought to occur via deamination [148].
Kolassa et al suggested that uptake of adenosine into endothelium could be responsible
for its removal from the circulation [149]. Further investigation showed the uptake
of adenosine by endothelial cells to be very rapid. In addition, at least two distinct
uptake systems have been described, one of high affinity (apparent Km = 3 pM) and
a system of lower affinity (apparent Km = 250 pM) [150].

A further suggestion was that transport of adenosine into endothelial cells

I
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represented not just uptake, but also the involvement of a rate limiting metabolic step
[150]. Various studies on the metabolism of adenosine by endothelial cells have
revealed that several pathways exist [151]. A summary of the known major pathways
of adenosine metabolism is shown in figure 3.1. The deamination of adenosine, via
adenosine deaminase, has been shown to occur, with localisation of the enzyme on the
external surface of the cell [152]. Other workers have shown an adenosine mediated,
rapid induction of nucleoside and nucleotide metabolism, with an increased
intracellular level of ATP [153]. In heterogeneous systems, it has been shown that
most of the adenosine, at low micromolar concentrations of incubation, is sequestered
in the endothelium [154].

The accumulation of radioactivity following incubation of rat lung slices with
(2-3H]-adenosine was investigated as a possible marker of endothelial cell function in
some initial studies by Hardwick [137]. Previous studies relating to endothelial
metabolism of adenosine, have been investigated in isolated perfused rat lung [141].
In this model, described by Bakhle and Chelliah, the endothelial cell involvement of
adenosine uptake and metabolism was shown by its removal from the perfused
vascular space. Subsequent work on this model investigated the effects of
a-naphthylthiourea (ANTU) on the pharmacokinetics of adenosine [155], and the
metabolism of adenine nucleotides [156].

In the present study, the accumulation of radioactivity by rat lung slices,
following incubation with radiolabelled adenosine, was further investigated. To assess
its potential as an indicator of endothelial cell function, several aspects of adenosine
uptake were examined. These included kinetic studies, studies on the metabolism of
adenosine by rat lung slices, the influence of metabolic and specific enzyme inhibition,
and localisation by autoradiography. The inhibitors of adenosine metabolism are

summarised in figure 3.1.
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S-adenosyl- adeqylo-
homocysteine adenine succinate
AK
ADENOSINE ATP
1
5-NT
2ADP
Ada
\ /
5-NT
INOSINE < IMP
PNP HPRT
hypoxanthine
Enzyme Inhibitor Ref.
5’-amino-5'-deoxyadenosine [153]
AK Adenosine Kinase
5-iodotubercidin [157]
5-NT 5’-nucleotidase [151]
deoxycoformycin [158]
Ada Adenosine Deaminase
coformycin [153]
. P1,P5-di(adenosine-5'-)
Adk Adenylate Kinase pentaphosphate (159]
PNP Purine Nucleoside Phosphorylase 8-aminoguanosine [160]
HPRT hypoxanthine phosphoribosyl- [151]
transferase
ATP Synthase oligomycin [159]
Mii(;:}:]:?izi:l ATP/ADP carboxyatractyloside [159]

ficure 3.1. Pathways of adenosine metabolism
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RESULTS

Time Course of Adenosine Accumulation

The quantity of adenosine accumulated, over 120 minutes, showed a
concentration and time dependent increase (figure 3.2). The accumulation of
adenosine was approximately linear with respect to incubation time, at an incubation
concentration of 10 pM (figure 3.2). Incubation with 100 tM adenosine showed an
apparent decrease in adenosine accumulation with respect to incubation time after a
period of 15 minutes, compared to that seen between 5 and 15 minutes and became
approximately linear between 15 and 120 minutes, the amount of adenosine
accumulated remaining elevated over that shown by slices incubated with 10 pM
adenosine (p < 0.05). Incubation with 500 M adenosine resulted in a greater initial
adenosine accumulation with respect to incubation time (p < 0.05) which progressively
decreased consistently over the time intervals observed (figure 3.2). This was

indicative of saturation of adenosine transport.

Kinetic Parameters of Adenosine Accumulation

The derived apparent K  of adenosine accumulation varied between 87.6 and

449.3 pM. The derived apparent V_,  of adenosine accumulation varied between 106.5

and 255.0 pmol/g wet wt./hour. The results from these are shown in table 3.1.
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TLC of Rat Lung Slice Homogenates and Incubation Media

Thin layer chromatograms of lung slices incubated with 10 pM [2->H]-adenosine
for 15 minutes were run (figure 3.3 and table 3.2). Analysis of chromatograms from
lung slices incubated with [2-3H]-adenosine showed that the majority of the radiolabel
appeared as nucleotides (88%, figure 3.4a). Using a solvent system to resolve
nucleotides, it was found that 61% of the radiolabel appeared as ATP, 15% as ADP
and 6% each appearing as AMP and IMP (figure 3.4b).

Analysis of the chromatograms from the medium in which the_lung slices were
incubated showed that the majority of the radiolabel remained as adenosine (79%), the

remainder of the radiolabel appearing as other nucleosides (figure 3.5).

Time Course of Adenosine Metabolism Followed by TLC

The metabolism of adenosine to nucleotides (figure 3.6a) and ATP (figure 3.6b)
was found to be very rapid, reaching a maximum between 5 and 15 minutes then
remaining constant. The disappearance of adenosine from the incubation medium
showed that the fractional concentration decreased, in an approximately linear
fashion, with incubation concentrations of 1 ntM and 10 uM adenosine (figure 3.7a).
The rate of disappearance was inversely related to the initial adenosine concentration.
Metabolism to inosine, the major adenosine metabolite found in the medium, appeared
to proceed at a constant rate over a 60 minute time period figure 3.7b). The rate was

also inversely related to the initial incubation concentration of adenosine.
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Time Course of Adenosine Induced Elevation of ATP Levels

in Rat Lung Slices

Total ATP levels in rat lung slices, measured by bioluminescence, showed a
concentration dependent increase when incubated with adenosine (figure 3.8). Control
lung slices were incubated in KRP in the absence of adenosine. Incubation of lung
slices with 20 nM adenosine resulted in a small but not significant increase in ATP
levels over those seen in controls (figure 3.8). Incubation of lung slices with 100 pM
and 500 pM adenosine resulted in an increase in ATP levels over those seen in
controls which was significant by 15 minutes (p < 0.05, figure 3.8). A time dependent
increase was seen between 0 and 30 minutes by which time a maximum value was

achieved.

Effects of Incubating Rat Lung Slices with Nucleosides on ATP Levels

Incubation of lung slices with adenosine, inosine, hypoxanthine and adenine all
resulted in elevation of ATP levels figure 3.9). The most marked elevations were seen
in those incubated with adenosine and adenine (p < 0.05). Adenosine and adenine
exhibited a 40% increase in ATP levels over controls (p < 0.05) whilst inosine and

hypoxanthine resulted in a 20% elevation over controls (p < 0.05).

Effect of Metabolic inhibition on Adenosine Accumulation

by Rat Lung Slices

Mitochondrial inhibition with cyanide, rotenone or antimycin A reduced the

adenosine uptake to about 60% of the control value (p < 0.05, figure 3.10). Incubation
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of slices at 4° C reduced the uptake of adenosine to 15% of the control value (p < 0.05,

figure 3.10).

Effect of Metabolic inhibition on the Adenosine Induced

ATP Elevation in Rat Lung Slices

Mitochondrial inhibition with cyanide, rotenone or antimycin A reduced the
ATP levels in rat lung slices to 67%, 50% and 38% of control values respectively
(p < 0.05, figure 3.11). The ratio of ATP levels in control incubated lung slices to those
incubated with adenosine for control, cyanide, rotenone or antimycin A incubated
slices were: 0.67, 0.69, 0.71 and 0.75 respectively. Incubating the slices at 4° C had
little effect on ATP levels in control incubated slices, but no increase in ATP was seen

on incubation with adenosine at this temperature (figure 3.11).

Effects of Incubating Rat Lung Slices with Proposed Inhibitors of
Nucleoside Metabolism Inhibitors on the Adenosine Induced

Elevation of ATP Levels in Rat Lung Slices

Inhibition of adenylate kinase, adenosine kinase, purine nucleoside
phosphorylase or adenosine transport had little apparent effect on control or adenosine
induced elevated ATP levels in rat lung slices (figure 3.12). Inhibition of ATP
synthetase markedly reduced the level of ATP in lung slices incubated in the absence
of adenosine (p < 0.05, figure 3.12). The ratio of ATP in adenosine control slices to
adenosine incubated slices remained similar to that seen in controls (figure 3.12). A
similar observation was made with inhibition of mitochondrial ATP translocase

although the reduction in control ATP levels was much less marked (figure 3.12).
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Influence of Glycolysis on the Adenosine Induced Elevation

of ATP by Rat Lung Slices

A concentration dependent increase in ATP elevation was seen in lung slices
incubated with adenosine (figure 3.13). When glucose was omitted from the incubation
medium, this increase in the adenosine induced elevation of ATP in lung slices was
abolished (p < 0.05, 100 uM). When glucose was replaced with the same concentration
of sucrose, the adenosine induced ATP elevation in the slices was similar to that seen
in control slices (incubated with glucose supplemented medium, figure 3.13).
Incubation of lung slices with aurintricarboxylic acid (ATA), to inhibit
phosphofructokinase, resulted in an apparent reduction of adenosine induced elevation

of ATP in lung slices (figure 3.13).

Localisation of Accumulated Radiolabelled Adenosine

Lung slices were incubated in the absence of radiolabelled adenosine (figure
3.14a) to show background staining. Lung slices incubated with [2-3H]-adenosine
(figure 3.14b) resulted in evidence of labelling in the region of the adventitia of a small
arteriole. The autoradiograph also showed the radiolabel to be localised, as very little
labelling could be seen in the surrounding connective tissue. Labelling also appeared
to be localised within the wall of a venule (figure 3.14c) and much less evident within
the epithelium. Localisation of radiolabelled adenosine within the endothelium of a

small blood vessel (figure 3.14d) was also evident.
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figure 3.2. Time course of Adenosine Accumulation by Rat Lung Slices

Rat lung slices were incubated with [2-*H]-adenosine at a concentration of 10
pM (¢), 100 pM (a) or 500 uM (m). For each experiment, the specific activity was
adjusted to 1.0 pCi/5 ml (incubation volume). Adenosine accumulation was assessed
by measuring the radioactivity retained by the lung slice. Results represent the mean
of 3 experiments (sem < 1% of maximum value). * Denotes significant difference
compared with control slices incubated with 10 pM adenosine.
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Plot Kn V max
Direct Linear 228.0 255.0
Lineweaver-Burk 87.6 106.5
Hanes-Woolf 449.3 327.3
Eadie-Hofst(ze 137.3 202.0

table 3.1. Kinetic parameters of Adenosine accumulation by Rat Lung Slices

79

Further kinetic studies utilised a computer programme (ENZPAK) to calculate

the apparent K and V

max

for adenosine uptake.

The data was derived from
measurements taken from rat lung slices incubated with [2-H]-adenosine at

concentrations of 1, 10, 100, 500 and 1000 uM for periods of 5, 15 and 30 minutes.
The kinetic parameters were derived from direct linear (curve fitting) plots, and the
transformations of Lineweaver-Burk, Hanes-Woolf and Eadie-Hofstee.



Chapter 3 80

Solvent A
ATP ADP AMP IMP Inosine Adenosine Hypoxanthine Adenine
Solvent B
ATP ADP AMP IMP Inosine Adenosine Hypoxanthine Adenine

figure 3.3. TLC of nucleotide and nucleoside standards.

1.0 mM solutions of nucleotides and nucleosides were prepared in a mixture of
equal volumes of phosphate buffer/EDTA homogenisation buffer and 13% TCA. 10 pi
ofeeach standard was spotted onto an aluminium-backed, fluorescent-coated TLC plate
and run with TLC solvent A or TLC solvent B. The solvent fronts were marked and
the plates allowed to dry. The resulting spots were visualised as quenched areas
under UV radiation and marked out.
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Standard Solvent A Solvent B
Adenosine 5’-triphosphate -- 0.06
Adenosine 5’-diphosphate -- 0.12
Adenosine 5’-monophosphate -- 0.28
Inosine 5-monophosphate -- 0.18
Inosine 0.32 0.54
Adenosine 0.55 0.72
Hypoxanthine 0.46 0.63
adenine 0.67 0.78

table 3.2. Rf values of nucleotides and nucleosides

Rf values were calculated from the ratio of the distance travelled by the
compound to that of the solvent front in the thin layer chromatograms described
previously (page 65).
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figure 3.4. TLC profile of Rat Lung Slice Homogenates incubated with adenosine.

Rat lung slices were incubated with [2->H]-adenosine (specific activity adjusted
to 10 pCv/5 ml, incubation volume) at a concentration of 10 pM for 15 minutes at
37° C. Slices were then removed, washed and homogenised. The homogenate was
deproteinised by the addition of an equal volume of 13% TCA, followed by
centrifugation at 3000 rpm for 15 minutes. 10 pl of deproteinised lung slice
homogenate was spotted onto an aluminium-backed TLC plate and run in TLC solvent
A, to resolve nucleosides (figure 3.4a) or TLC solvent B, to resolve nucleotides (figure
3.4b). The plates were dried and sections 2 cm (width) x 1 cm (height) were taken and
measured for radioactivity. Results were expressed as a percentage of total

radioactivity found between the original spot and the solvent front.
'



Chapter 3 83

TLC Solvent A

100 - Ino Hpx Ado Adn

40 -

X DPM of Total

20 A

o Hl—

1 T T 1 I 1 T 1

-_
0O 01 02 03 04 05 06 0.7 0.8 09 1.0
rf

TLC Solvent B

ATP ADP IMP  AMP Ino

70 -

X

ox  Ado Adn
60 -

50 -

40 A

30 -

20 A

X DPM of Total

10 -

. _I

—
T T 1 | T 1 LI 1 LI 1

0 01 02 03 04 05 06 0.7 0.8 09 1.0
rf

figure 3.5. TLC profile of incubation medium after incubation of rat lung slices with

adenosine.

A 1.0 ml aliquot of the incubation medium, from the previous experiment, was
taken immediately after removal of the slices. This was then acidified by the addition
of an equal volume of 13% TCA. Debris was removed by centrifugation at 3000 rpm
for 15 minutes. 10 pl of treated incubation medium was spotted onto an aluminium-
backed TLC plate and run in TLC solvent A, to resolve nucleosides (figure 3.5a) or
TLC solvent B, to resolve nucleotides (figure 3.5b). The plates were dried and sections
2 cm (width) x 1 cm (height) were taken and measured for radioactivity. Results were
expressed as a percentage of total radioactivity found between the original spot and
the solvent front. "
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figure 3.6. Time course of adenosine incorporation into nucleotides and ATP.

Rat lung slices were incubated with [2-3H]-adenosine at a concentration of 10
pM (°), 100 uM (a) or 500 nM (m). For each experiment, the specific activity was
adjusted to 1.0 nCi/5 ml (incubation volume) for time periods up to 60 minutes at
37° C. Slices were then removed, washed and homogenised. The homogenate was
deproteinised by the addition of an equal volume of 13% TCA, followed by
centrifugation at 3000 rpm for 15 minutes. 10 pl of deproteinised lung slice
homogenate was spotted onto an aluminium-backed TLC plate and run in TLC solvent
A (to show total nucleosides) or TLC solvent B (to resolve nucleotides). The plates
were dried and sections 2 cm (width) x 1 cm (height) were taken and measured for
radioactivity. Results were expressed as a percentage of total radioactivity found
between the original spot and the solvent front appearing as total nucleotides (figure
3.6a) or ATP (figure 3.6b), determined from the standards.
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ficure 3.7. Time course of disappearance of [2->H]-adenosine from, and appearance of
inosine in medium incubating with rat lung slices.

A 1.0 ml aliquot of the incubation medium, from flasks containing lung slices
incubated with [2-3H]-adenosine at a concentration of 10 pM (*), 100 uM (a) or 500
1M (m), as described in figure 3.6, was taken immediately after removal of the slices.
This was then run in TLC solvent A (to resolve nucleosides). The plates were dried
and sections 2 cm (width) x 1 cm (height) were taken and measured for radioactivity.
Results were expressed as a percentage of total radioactivity found between the
original spot and the solvent front appearing as adenosine (fig. 3.7a) or inosine (fig.
3.7b), as determined from the standards.
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figure 3.8. Time course of adenosine induced elevation of ATP levels in rat lung slices.

Rat lung slices were incubated inthe absence of adenosine (0) or with
[2-3H]-adenosine (specific activity adjusted to 1.0 pCi/5 ml, incubation volume) at a
concentration of 10 uM (*), 100 uM (a) or 500 uM (m). After 15 minutes, ATP levels
were measured and compared with the corresponding controls (slices incubated in the
absence of adenosine. Results represent the mean of 3 experiments + sem. * Denotes
significant difference from controls (p < 0.05).
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figure 3.9. Effects of nucleosides on ATP levels in rat lung slices.

Rat lung slices were incubated with KRP (con), 100 pM adenosine (Ado), 100
uM inosine (Ino), 100 pM hypoxanthine (Hpx), or 100 pM adenine (Adn) for 30
minutes. ATP levels were measured in the slices. Results represent the mean of 3
experiments + sem. * Denotes significant difference from controls (p < 0.05).
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figure 3.10. Effect of metabolic inhibition on adenosine accumulation by rat lung
slices.

Rat lung slices were incubated with metabolic inhibitor for 15 minutes, after
which, [2-3H]-adenosine was added to give a specific activity of 10 pCi/5 ml, incubation
volume at a concentration of 10 pM at 37° C. After 30 minutes, slices were assessed
for uptake of radiolabelled adenosine as described. Metabolic inhibition was achieved
by incubation with potassium cyanide (KCN, 1 mM), rotenone (rot, 100 pM), antimycin
A (Am A, 0.1 ptM) and incubating the slices at 4° C throughout. Results represent the
mean of 3 experiments + sem. =* denotes significant difference from controls from
slices incubated in the absence of inhibitor (p < 0.05).
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figure 3.11. Effect of metabolic inhibition on adenosine induced elevation of ATP in
rat lung slices.

Rat lung slices were incubated with inhibitor at 37° C, for 15 minutes, after
which, the slices were incubated in the absence (OJ) or presence of adenosine (100 uM,
W). After 30 minutes, ATP levels from slices incubated in the presence and in the
absence of adenosine were measured in the slices. These were compared with their
corresponding controls incubated in the absence of inhibitor. Metabolic inhibition was
achieved by incubation with potassium cyanide (KCN, 1 mM), rotenone (rot, 100 nM),
Antimycin A (Am A, 0.1 pM) and by incubating the slices at 4° C throughout. Results
represent the mean of 3 experiments + sem. * Denotes significant difference from

corresponding controls from slices incubated in the absence of inhibitor (p < 0.05).
!
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ficure 3.12. Effect of inhibition of nucleoside metabolism on adenosine induced
elevation of ATP levels in rat lung slices.

Rat lung slices were incubated with inhibitor at 37° C, for 15 minutes, after
which, adenosine was added to give a concentration of 100 pM. After 30 minutes, ATP
levels were measured in the slices (W), and compared with controls incubated in the
absence of adenosine (). Selective inhibition of enzymes associated with nucleoside
transport and metabolism was achieved by incubation of lung slices with
P1,P5-di(adenosine) pentaphosphate (DAPP, 0.25 mM, an inhibitor of adenylate kinase
(159]), oligomycin (ogm, 5 pM, an inhibitor of ATP synthetase [159]),
carboxyatractyloside (cat, 5 nM, an inhibitor of ATP mitochondrial transport [159]),
5’-amino-5-deoxyadenosine (ADA, 20 nM, an inhibitor of adenosine kinase [153]), 8-
aminoguanosine (8AG, 100 uM, an inhibitor of purine nucleoside phosphorylase [160])
and dipyridamole (Dpm, 100 uM, an inhibitor of adenosine transport [161]). Results
represent the mean of 3 experiments + sem. * Denotes significant difference from
corresponding controls from slices incubated in the absence of inhibitor (p < 0.05). ,
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figure 3.13. Influence of glycolysis on the adenosine induced elevation of ATP levels

in rat lung slices.

Rat lung slices were incubated for 1 hour in normal KRP (control), glucose-free
KRP (glucose free), sucrose KRP (sucrose, 11 mM sucrose replacing glucose) and 0.25
mM aurintricarboxylic acid (ATA, an inhibitor of glycolysis), after which, adenosine
was added to give a concentration of 0 pM (O), 20 pM (@) or 100 pM (H). After 30
minutes, ATP levels were measured in the slices and compared with correspnding
controls incubated with KRP with glucose, and in the absence of inhibitor. Results
represent the mean of 3 experiments + sem. = Denotes significant difference from
corresponding controls from slices incubated with KRP with glucose, and in the
absence of inhibitor (p < 0.05).
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figure 3.14. Autoradiographic localisation of accumulated radiolabel

Lung slices were incubated with 10 pM [2-3H]-adenosine, 10 pCi/3 ml, or KRP
control, for a period of 15 minutes, and exposed autoradiographically for 4 weeks.
After developing, using an appropriate fixative, the sections were then washed, dried
and stained with 1% toluidine blue. The KRP control (figure 3.14a) shows a small
artery.  Toluidine blue staining is evident in the region of the adventitia.
Magnification X 640.
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The autoradiograph (figure 3.14b) shows a small artery. Labelling, in the region ofthe
adventitia, is shown as dark spots. This occurs to a much lesser extent in the
surrounding connective tissue. Magnification X 640.
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The autoradiograph (figure 3.14c) shows a venule. Labelling appears to be localised
within the wall of the venule. Much less label is evident within the epithelium.
Magnification X 640.
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The autoradiograph (figure 3.14d) shows the endothelium of a small blood vessel.
Labelling appears to be localised within the endothelium. Labelling is not evident
within the epithelium. Magnification X 1600.
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DISCUSSION

The experiments in this chapter show that rat lung slices are capable of taking
up and actively metabolising adenosine. Firstly, it was shown that radioactivity
associated with [2-°H]-adenosine is accumulated and retained by rat lung slices, and
the accumulation is saturable (figure 3.2). This data supports a similar study by
Hardwick [137] which shows that incubation of lung slices with low concentrations of
adenosine (10 nM) leads to a linear accumulation of radioactivity with time, over 120
minutes, whereas at higher concentrations, the accumulation steadily diminishes
showing saturation. A more detailed approach attempted to derive an apparent K |
and V. for the uptake system (table 3.1). Previous work described adenosine
accumulation in terms of Michaelis-Menten kinetics [150]. K values for adenosine
accumulation in different systems show some degree of consistency, typical values
reported being 215 uM for isolated rat lung [141], 250 uM and 0.3-1.1 mM [150] for
cultured pig aortic endothelial cells. These values compare well with those values
derived from the direct linear curve fitting and the Hanes-Woolf plots (table 3.1).
Discrepancies between methods of deriving kinetic data may be due to spacing of
derived data [162]. "Clustering” of data, such as that commonly seen with
Lineweaver-Burk plots may limit the accuracy of the resulting kinetic data [162].

There are several reasons as to why a Michaelis-Menten approach is too
simplistic to be appropriate. It has been shown previously that uptake occurs via
more than one system [150]. In addition, adenosine is membrane permeable and can
thus diffuse into cells [151]. A third complication is that adenosine is metabolised
intracellularly, by several pathways (151]. The enzymes involved in adenosine
metabolism are regulated by feedback control [151]. The kinetics of adenosine uptake

is complicated by these considerations.
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Adenosine is produced, released, taken up and metabolised by most animal
tissues [151]. Adenosine has a number of known metabolic fates in animal tissues,
however, the relative significance of each, in different tissues, is unknown. The two
major fates of adenosine inside the cell are metabolism to inosine (figure 3.5) and
adenine nucleotides (figure 3.4) by the enzymes adenosine deaminase and adenosine
kinase respectively. When adenosine is taken up into the cell, metabolism occurs with
some of the adenosine being incorporated into nucleotides, predominantly ATP [141,
150, 151, 153]. The retention of radioactivity by the cell is likely, in part, to reflect
this pathway of metabolism. The main reason for this is that ATP and other
nucleotides are membrane impermeable whilst adenosine, with its nucleoside
metabolites inosine and hypoxanthine, is membrane permeable [151], and thus would
be less likely to be retained intracellularly. This is consistent with the model proposed
by Bakhle and Chelliah [141] where the majority of retained radiolabel was found as
ATP. This is also confirmed here by the finding that the majority of the radioactivity
retained by the slice was determined as nucleotides, predominantly ATP. This also
suggests the possibility that this pathway is not rate limiting in the
uptake/metabolism/retention process, as efficient incorporation into nucleotides occurs
intracellularly from early time points. However, it has been suggested that adenosine
kinase is the main controlling factor in adenosine entry into cells, as opposed to some
external membrane receptor [151]. This is based on in vivo studies where labelled
adenosine, administered to animals, was found to be distributed between organs
roughly in proportion to the activity of adenosine kinase.
In contrast to the rapid metabolism of adenosine to adenine nucleotides (figure
3.6), the metabolism to inosine, via adenosine deaminase, occurs more slowly and more
steadily over 60 minutes (figure 3.7). This can, in part, be rationalised in terms of the

K_, values for the primary enzymes of adenosine metabolism. Adenosine kinase (K,

i
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=0.5-1.5 pM [151]) phosphorylates adenosine to form AMP which ,it is proposed, is the
pathway that results in the increase in ATP. Adenosine deaminase (K = 6-60 pM
[151]) removes an NH, group to form inosine (figure 3.1). Although the involvement
of adenosine deaminase in the metabolism of adenosine to inosine has never been
questioned, the involvement of adenosine kinase in the incorporation into adenine
nucleotides is less conclusive. It has been suggested that other pathways involve an
initial de-ribosylation to form adenosine via the enzyme purine nucleoside
phosphorylase followed by reaction with 5-phosphoribosyl-1-pyrophosphate to form
AMP, catalysed by adenine phosphoribosyl transferase [151]. Alternatively, adenosine
1s converted, via inosine, to hypoxanthine, catalysed by hypoxanthine phosphoribosyl
transferase [151]. It appears, however, that these pathways are quantitatively
unimportant as the activity of purine nucleoside phosphorylase in tissues is relatively
low [151]. [**C]-Labelled adenosine has been found to be incorporated into nucleotides
without conversion to adenine. There are several lines of evidence for the importance
of adenosine kinase in the incorporation of adenosine into nucleotides. These have
been reviewed by Arch and Newsholme [151].

Other factors which need to be considered are those suggested by Klenow and
stergaard, that adenosine induces the catabolism of its nucleotides [153). This would
result in the adenosine induced elevation of ATP reaching a maximum level as its
catabolism becomes important. Also, the production of inosine could occur via ATP
catabolism, with ADP, AMP and IMP as intermediates {153]. It is not clear to what
extent this pathway occurs in relation to the production of inosine by adenosine
deamination. A further complication is that adenosine deaminase has been found to
occur both intracellularly [163] and extracellularly [152], so that inosine found in the
medium could be the result of adenosine metabolism to ATP with subsequent

catabolism to inosine, intracellular or extracellular deamination of adenosine. The
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multiplicity of pathways of adenosine metabolism in lung is supported by the finding
that incubation with not only adenosine, but the nucleosides inosine, hypoxanthine
and adenine also elevate ATP levels (p < 0.05, figure 3.9).

The inhibition of mitochondrial function in rat lung slices produced only a
moderate reduction in adenosine accumulation (p < 0.05), in comparison to low
temperature incubation, which reduced the adenosine accumulation more substantially
(p < 0.05, figure 3.10). This suggests the possibility that mitochondrial function is of
minor importance in the uptake and subsequent processing of adenosine. The
adenosine induced ATP elevation in relation to inhibition of mitochondrial function
(figure 3.11) is complicated. Whilst mitochondrial inhibitors appear to reduce ATP
levels in lung slices per se, incubation of those slices with adenosine apparently raises
ATP levels in an approximately constant ratio to those incubated without adenosine.
These ratios are consistent with the fact that the phosphorylation of adenosine by
adenosine kinase is ATP dependent, hence the extent to which adenosine is retained
may be partly dependent on the intracellular ATP status.

To further investigate the metabolism of ATP, attempts were made to
selectively inhibit the activity of enzymes associated with adenosine metabolism
(figure 3.12). In general, little effect could be obtained using specific inhibitors. The
interpretation of this is ambiguous. It is uncertain as to whether inhibition occurred
but without affecting the ATP elevation, or physiological barriers (for example,
impermeable membranes) limited access of the inhibitor to the enzyme, or whether
competitive enzyme inhibition occurred but was overcome through an excess of
substrate. Further work remains to elucidate these problems. In spite of these
difficulties the use of oligomycin, to inhibit ATP synthetase, reduced the ATP levels
in control and adenosine incubated lung slices (p < 0.05, figure 3.12) but the ratio of

ATP elevation was unchanged from the appropriate control thus supporting the earlier
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findings.

The possibility of extramitochondrial metabolism having greater significance,
at least initially, in the incorporation of adenosine into nucleotides was investigated
(figure 3.13). A major source of extramitochondrial ATP production is derived from
the glycolytic pathways, in particular, from phosphoglycerate kinase and pyruirate
kinase. The finding that the absence of glucose prevented the adenosine induced ATP
elevation inferred the possibility of involvement of glycolysis, but this is complicated
by the fact that the ATP elevation is restored when glucose is replaced by sucrose.
This leads to several possibilities, the influence of osmosis (glucose and sucrose
present at 11 mM), the metabolism of sucrose by lung tissue with respect to glycolysis,
or the presence of an independent mechanism of ATP elevation. The use of
aurintricarboxylic acid to inhibit phosphofructokinase had only a moderate apparent
influence on ATP elevation. This, again, needs to be interpreted with caution in that
inhibition may not have occurred, been overcome or that inhibition may have occurred
but with little consequence. Further work remains to elucidate the influence of
glycolysis on the adenosine induced elevation of ATP levels in rat lung slices.

The use of autoradiography supports the hypothesis that adenosine
accumulation is localised within lung tissue (figure 3.14). It has been suggested that
localisation is primarily endothelial as a result of a number of studies. Adenosine
receptors, however are known to be distributed heterogeneously, with several classes
of receptor described in pharmacological terms, thus reflecting a diversity of effects in
different tissues. However, only a few cell types have been shown to incorporate
adenosine into ATP. The apparent localisation of radiolabelling around blood vessels
in lung tissue needs to be viewed cautiously as in vitro autoradiography is subject to
artefacts due to the nature of the fixing process, hence the possibility of selective

trapping of radiolabel cannot be excluded. The fact that localisation of adenosine
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accumulation occurs in lung tissue is further supported by Hardwick who showed that
paraquat (known to be selective for the epithelium) did not significantly affect
adenosine accumulation, whereas in vivo treatment with a-naphthylthiourea (which
causes endothelial damage), markedly reduced adenosine accumulation.

Preliminary work has thus indicated that adenosine accumulation may indicate
selective toxicity, possibly to the endothelium, but correlation with endothelial cell
function in the lung is difficult to interpret. The suggestion has been made earlier
that retention of radiolabelled adenosine could, to a degree reflect its incorporation
into nucleotides. If the initial metabolic step is the phosphorylation of adenosine by
adenosine kinase, which is dependent on the level of ATP initially present, then a
relationship between adenosine accumulation and ATP status could possibly be
inferred. The fact that adenosine accumulation and incorporation into ATP has been
shown to be energy dependent suggests that the viability of cell types to which this
is localised may be inferred. That a relationship to initial cellular ATP status may be
a possibility would lead to a greater degree of confidence to which cellular function
could be quantified. The scenario is obviously more complex, as adenosine metabolism
is regulated by its own metabolites as well as those from other pathways. In spite of
the complexities, adenosine uptake appears consistent in lung slices prepared from
healthy, untreated rats. The loss of adenosine accumulation in lung slices prepared
from rats treated with pulmonary toxicants in vivo [137] shows a correlation with
damage to cell types in the lung identified histologically [27]. Pathological lesions to
the pulmonary endothelium have been shown in the absence of striking changes in
assessments of endothelial cell function [164]. The discrepancy between pathology and
cell-specific functional markers is further complicated by the extent to which a
particular effect represents a physiological or toxicological response, or even to the

extent to which these can be delineated.
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Further studies on the accumulation of adenosine by rat lung slices would
include investigations into cellular localisation, using histology, toxicants selective for
particular cell types and selective inhibitors of nucleoside uptake and metabolism.
Some useful studies could possibly employ isolated lung cells to assess the
participation of individual cell types in this process. A better understanding of the
relationship between loss of adenosine accumulation and loss of other cellular
functions, associated with toxic injury, is required. This requires a more detailed
understanding of the biochemistry and physiology of the cell types associated with
adenosine accumulation than is presently known. Also, the relationship between
cellular biochemistry, cellular function and cell injury needs to be more fully explored

to assess the value of such markers of cell function.
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Chapter 4

The biochemistry of glutathione in mechanisms of
pulmonary toxicity - the relative roles of conjugation and
oxidative stress.

INTRODUCTION

Glutathione is proposed to limit the degree of toxic insult to the lung by two
main mechanisms. The first of these is by the detoxication of potentially toxic oxygen
species, via enzymic reduction. A number of compounds are substrates in the cell for
reduced pyridine nucleotide dependent, one electron reductases. These enzymes
reduce such compounds to their respective free radical species, which are unstable and
spontaneously return to the parent compound, in the presence of molecular oxygen to
form the superoxide ion radical (O,7). The reduction and oxidation reactions occur in
a cyclic manner and is thus referred to as redox cycling (see Introduction). The
superoxide anion radical formed is converted to hydrogen peroxide by superoxide
dismutase, but this too must be removed if deleterious effects are to be avoided.

There are two enzyme activities present in the cell which are capable of
catalysing the breakdown of hydrogen peroxide. Catalase is responsible for the
metabolism of hydrogen peroxide produced by the action of peroxisomal enzymes.
Glutathione peroxidase, a selenium-containing enzyme is mainly concerned with
metabolism of hydrogen peroxide occurring in the cytosol and mitochondria [165].
Some metabolism of organic hydroperoxides also occurs via this enzyme. In addition
to the selenium containing enzyme, one of the glutathione-S-transferase isozymes has

been shown to possess glutathione peroxidase activity [166].
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The glutathione-S-transferase glutathione peroxidase activity is mainly concerned with
metabolism of organic hydroperoxides, although some hydrogen peroxide metabolising

activity has been shown. Glutathione peroxidase catalyses the following reactions:

H,0, + 2GSH — 2H,0 + GSSG

ROOH + 2GSH — ROH + GSSG + H,0

The resulting oxidised glutathione (GSSG) has two possible fates. It may be
actively extruded from the cell [167, 168], or it can be reduced back to GSH by GSSG
reductase at the expense of NADPH. The ability of the reductase to reduce increased
amounts of GSSG is dependent on the supply of NADPH [169] and thus the removal
of large quantities of peroxide can lead to elevated levels of GSSG, if the NADPH is
limiting, and hence a depletion of intracellular glutathione through the loss of GSSG
from the cell. Because of the important role played by glutathione in the protection
of cellular thiols its loss has been suggested to be the crucial event in the toxicity of
compounds which induce oxidative stress. The level of GSSG reductase activity may
therefore be of great significance in determining the susceptibility of a cell to the
toxicity of compounds which exert their toxicity by a mechanism of redox cycling.

The second main mechanism of protection from toxicity involves conjugation of
glutathione with a compound or its metabolite. Compounds or metabolites can react
directly with glutathione. This usually results in a less reactive compound, although
in some cases, increased toxicity may occur [170]. Reaction with glutathione can occur
spontaneously, or may be catalysed by the glutathione-S-transferases [89].

Conjugation with glutathione represents an important cellular defence mechanism
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against the toxic action of a wide variety of reactive electrophiles [90]. Reactions of
glutathione show some selectivity between electrophiles of similar reactivity [89]. The
basis for this is described in terms of chemical "hardness" and "softness" of
electrophiles and nucleophiles [109]. This is more fully discussed in chapter 1.

To assess the role of pulmonary glutathione, and its associated enzymes, in
redox cycling, a lung slice model had been employed which has a marked and
irreversibly inhibited glutathione reductase activity [130]. This was achieved by
pre-incubating the slices with the antitumour agent, 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU). Nitrosoureas have been used as active-site directed inhibitors
of a number of enzymes [121] and BCNU has been found to be a relatively specific
inhibitor of GSSG reductase [120]. The specificity of GSSG reductase inactivation was
confirmed in erythrocytes in which it was found that nineteen associated enzyme
activities were either unaffected or only minimally affected [120]. However, some
studies have suggested effects on enzymes such as lactate and malate dehydrogenases,
creatine kinase and hepatic esterases [173]. It has been suggested that such effects
may possibly result from its carbamoylating activity [174].

It is not the parent compound that is responsible for the inactivation of the
enzyme, but the isocyanate product of nitrosourea breakdown (in the case of BCNU,
2-chloroethylisocyanate). The inactivation requires the initial reduction of the enzyme
by NADPH and appears to occur through carbamoylation of a distal thiol group at the
active site [121].

Both the cytosolic and mitochondrial reductases are inhibited by BCNU [172],
and >90% inactivation can be achieved in freshly isolated hepatocytes within 60
minutes incubation with a concentration of 75 nM [174]. It was also found that about
80 % inhibition can be achieved in rat lung slices after 45 minutes incubation with a

concentration of 100 uM [130]. The remaining activity however, appears to be fairly
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resistant and requires considerable increases in the concentration of inhibitor used
and of the length of exposure.

A difficulty in the use of BCNU is the accompanying depletion of glutathione.
This may in part be a result of the inactivation of the reductase such that the removal
of endogenous hydrogen peroxide leads to a build up, and loss from the cell, of GSSG.
The metabolism of BCNU in the cell also leads to the formation of S-(2-chloroethyl)
glutathione [174] and hence some glutathione will be lost through conjugation
reactions. The effects of a lowered glutathione levels in the cell may influence the
toxicity of the compounds. For this reason, it is necessary to make up this loss and
maintain normal levels. This is achieved by supplementing the incubation medium
with an appropriate amino acid mixture to stimulate glutathione synthesis [169].

The aims of this study were to investigate the influence of inhibition of
glutathione reductase in rat lung slices on the toxicity of a number of compounds.
Some preliminary studies involving the use of proposed inhibitors of the antioxidant
defence enzymes catalase and glutathione peroxidase are presented. The toxicants
investigated were diquat and 1,4-benzoquinone. Diquat is presumed to exert toxicity
via redox cycling [63], whilst 1,4-benzoquinone has been shown to act via arylation of
glutathione and other nucleophiles [175]. The effects of these compounds on
glutathione levels were assessed. Toxicity was assessed by measuring ATP levels in
lung slices, as ATP reflects the energy status of the cell. To assess the differential
toxicity between the epithelial and endothelial cells in the lung, the accumulation of
[14C}-spermidine [138] and [2-*H)-adenosine ([137] and chapter 3) were employed

respectively.
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RESULTS

Time Course of GSH and ATP Depletion in Rat Lung Slices Incubated

with Diquat

Incubation of rat lung slices with diquat produced no discernible loss of GSH
(figure 4.1a). Similarly, ATP levels were maintained at control values (figure 4.2a)
suggesting a lack of toxicity of diquat to rat lung in vitro. Incubation of lung slices
with 2,3-dimethoxy-1,4-naphthoquinone (a redox cycler) produced a time dependent
loss of GSH at the concentration used (50 nM, p < 0.05, figure 4.1a). This was
most rapid in the first two hours of incubation. An appreciable loss of ATP was
also observed but this occurred between 2 and 3 hours (p < 0.05, figure 4.2a).
Inhibition of glutathione reductase, by pretreatment of the slices with BCNU,
resulted in a time dependent and concentration dependent loss of GSH (p < 0.05,
figure 4.1b) and ATP levels (p < 0.05, figure 4.2b) in lung slices incubated with
diquat. BCNU pretreatment potentiated a loss of GSH in lung slices incubated
with 100 pM diquat (p < 0.05), the potentiation of loss of ATP was small but not
significant. The loss of GSH and ATP seen in lung slices incubated with
2,3-dimethoxy-1,4-naphthoquinone was markedly potentiated by BCNU

pretreatment (p < 0.05), especially between 1 and 3 hours.

Time Course of Loss of Accumulation of Spermidine and Adenosine by

Rat Lung Slices Incubated with Diquat

Incubation of rat lung slices with diquat produced no discernible loss of

spermidine accumulation (figure 4.3a), suggesting a lack of toxicity to the
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pulmonary epithelium. Similarly, with diquat, no discernible loss of adenosine
accumulation was observed (figure 4.4a). This suggests a lack of toxicity of diquat
to the pulmonary endothelium. Incubation of rat lung slices with paraquat (a
redox cycler, accumulated by the pulmonary epithelium) produced a small loss of
spermidine accumulation at the concentration used (p < 0.05, 100 pM, figure 4.3a).
This was especially notable in the first two hours of incubation. Incubation with
paraquat produced no discernible loss of adenosine accumulation (figure 4.4a).
Inhibition of glutathione reductase, by pretreatment of the slices with BCNU,
resulted in a time dependent and concentration dependent loss of spermidine
accumulation in lung slices incubated with diquat (p < 0.05, figure 4.3b). A loss of
adenosine accumulation was also observed but only at the higher concentration of
diquat (1000 uM, p < 0.05, figure 4.4b). The loss of spermidine accumulation seen
in lung slices incubated with 100 uM paraquat (figure 4.4) was markedly
potentiated by BCNU pretreatment (p < 0.05), however, no potentiation of loss of

adenosine accumulation was observed.

Time Course of GSH and ATP Depletion in Rat Lung Slices Incubated

with 1,4-Benzoquinone

Incubation of lung slices with 1,4-benzoquinone produced a rapid and
concentration dependent loss of GSH (p < 0.05, figure 4.5a). Similarly, a rapid and
concentration dependent loss of ATP was observed (p < 0.05, figure 4.6a). The loss
of GSH due to incubation with 1,4-benzoquinone was essentially complete within
10 minutes (figure 4.7a). The loss of ATP showed a time dependence up to 30
minutes (figure 4.7b). Inhibition of glutathione reductase, by pretreatment of the

slices with BCNU, did not result in a modulation of loss of either GSH (figure 4:5b)
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or ATP (figure 4.6b).

Time Course of Loss of Accumulation of Spermidine and Adenosine

by Rat Lung Slices Incubated with 1,4-Benzoquinone

Incubation of rat lung slices with 1,4-benzoquinone produced a rapid and
concentration dependent loss of spermidine accumulation (p < 0.05, figure 4.8a).
Similarly, a rapid and concentration dependent loss of adenosine accumulation was
observed (p < 0.05, figure 4.9a). The loss of both spermidine accumulation and
adenosine accumulation, due to incubation with 1,4-benzoquinone, was essentially
complete between 20 and 60 minutes (figure 4.10). Incubation with 100 uM
1,4-benzoquinone for 5 minutes resulted in a marked loss of adenosine
accumulation (p < 0.05, figure 4.10b) but spermidine accumulation did not differ

from those seen in controls (figure 4.10a).

Effect of Glutathione Peroxidase Inhibitors on the
Depletion of GSH and ATP in Rat Lung Slices Incubated

with Compounds that Produce Oxidative Stress

Incubation of lung slices with paraquat produced no appreciable difference
in GSH (figure 4.11a) or ATP (figure 4.11b) to controls. Incubation with
2,3-dimethoxy-1,4-naphthoquinone or hydrogen peroxide produced an apparent
reduction in both GSH and ATP levels compared with control values. Preliminary
studies involved pretreatment plus co-incubation of lung slices with inhibitors of
selenium dependent glutathione peroxidase (aurothioglucose [118],

mercaptosuccinic acid [119]) or an inhibitor of selenium independent glutathioné
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peroxidase/glutathione-S-transferase (S-octyl glutathione [176]). All of the inhibitor
treatments resulted in no appreciable alteration in the reduction of GSH or ATP

levels produced by PQ, DMN or H,0,.

Effect of Glutathione Peroxidase Inhibitors on the Loss
of Accumulation of Spermidine and Adenosine by Rat Lung

Slices Incubated with Compounds that Produce Oxidative Stress

Incubation of rat lung slices with paraquat or 2,3-dimethoxy-1,4-
naphthoquinone produced a small but not statistically significant depletion in
spermidine accumulation (figure 4.12a). Adenosine accumulation (figure 4.12b) was
not appreciably depleted compared to controls. Incubation with hydrogen peroxide
produced a more noticeable reduction in both spermidine accumulation and
adenosine accumulation compared with control values. Preliminary studies
involved pretreatment plus coincubation of lung slices with inhibitors of selenium
dependent or selenium independent glutathione peroxidase in the same manner as
slices taken for GSH and ATP measurements. Aurothioglucose and
mercaptosuccinic acid appeared to potentiat loss of spermidine accumulation, but
no modulation of adenosine accumulation was observed. S-Octyl glutathione

produced no detectable modulation of spermidine or adenosine accumulation.

Effect of Catalase Inhibitors on the Depletion of GSH
and ATP in Rat Lung Slices Incubated with Compounds

that Produce Oxidative Stress

Incubation of lung slices with paraquat produced no appreciable difference
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in GSH (figure 4.13a) or ATP (figure 4.13b) to controls. Incubation with
2,3-dimethoxy-1,4-naphthoquinone or hydrogen peroxide produced an apparent
reduction in both GSH and ATP levels compared with control values. Preliminary
studies involved pretreatment plus coincubation of lung slices with inhibitors of
catalase (sodium azide [177], 3-aminotriazole [178], cyanamide [179]). Treatment
with 3-aminotriazole resulted in a small loss of GSH in control slices (figure 4.13a).
Cyanamide produced a small loss of GSH in unstressed control and stressed lung
slices. The loss of GSH in control slices means that the increased loss of GSH in
cyanamide treated stressed slices cannot necessarily be viewed as potentiation.
Sodium azide produced a large depletion of ATP in unstressed control lung slices
(figure 4.13a) and thus modulation of loss of ATP in stressed slices was obscured.
3-Aminotriazole produced little or no modulation of ATP levels in stressed and
unstressed lung slices. Cyanamide potentiated the ATP loss produced by

2,3-dimethoxy-1,4-naphthoquinone and hydrogen peroxide but not by paraquat.

Effect of Catalase Inhibitors on the Loss of Accumulation
of Spermidine and Adenosine by Rat Lung Slices Incubated

with Compounds that Produce Oxidative Stress

Incubation of lung slices with paraquat produced no appreciable difference
in spermidine accumulation (figure 4.14a) or adenosine accumulation (figure 4.14b)
to controls. Incubation with 2,3-dimethoxy-1,4-naphthoquinone or hydrogen
peroxide produced a marked reduction in both spermidine accumulation and
adenosine accumulation levels compared with control values. Preliminary studies
involved pretreatment plus coincubation of lung slices with inhibitors of catalase in

the same manner as slices taken for GSH and ATP measurements. Treatment

li
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with sodium azide resulted in a potentiation of loss of spermidine accumulation in
all of the stressed slices. Control values for spermidine accumulation were
maintained. Treatment with 3-aminotriazole resulted in little or no potentiation of
loss of spermidine accumulation in stressed lung slices. Cyanamide potentiated the
ATP loss produced by 2,3-dimethoxy-1,4-naphthoquinone and hydrogen peroxidé
but not by paraquat. Sodium azide and cyanamide potentiated the loss of
adenosine accumulation produced by 2,3-dimethoxy-1,4-naphthoquinone and

hydrogen peroxide (figure 4.14b) otherwise little effect was seen by the inhibitors.
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Figure 4.1. Effect of diquat on levels of GSH in a) Control and b) BCNU pre-
incubated rat lung slices.

Lung slices were incubated in KRP only (a), or BCNU (b) for 45 minutes. They
were then removed, rinsed in fresh KRP and incubated in the absence of diquat (
0—o0), or with diquat at concentrations of 200 nM (*——¢) or 1000 ptM (s—=) or
with 2,3-dimethoxy-1,4-naphthoquinone at a concentration of 50 uM (#~ —+*) for up
to 4 hours. GSH was determined (as NPSH) in supernatants from lung slice
homogenates by the fluorometric method of Hissin and Hilf [131]. Results
represent the mean of 3 experiments + sem.

! Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of diquat for a particular pretreatment.

+2 Denotes significant difference (p<0.05) between results obtained from control
pretreated and the corresponding BCNU pretreated lung slices.
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Figure 4.2. Effect of diquat on levels of ATP in a) Control and b) BCNU pre-
incubated rat lung slices.

Lung slices were incubated in KRP only (a), or BCNU (b) for 45 minutes. They
were then removed, briefly immersed in fresh KRP and incubated in the absence of
diquat ( ©0—0), or with diquat at concentrations of 200 pM (*——¢) or 1000 utM
(a——am) or with 2,3-dimethoxy-1,4-naphthoquinone at a concentration of 50 pM (»—
—w) for up to 4 hours. ATP was determined in supernatants from lung slice
homogenates by the bioluminescence method of LeMasters and Hackenbrock [136].
Results represent the mean of 3 experiments + sem.

»! Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of diquat for a particular pretreatment.

»2 Denotes significant difference (p<0.05) between results obtained from control
pretreated and the corresponding BCNU pretreated lung slices.
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Figure 4.3. Effect of diquat on the accumulation of spermidine by a) Control and b)
BCNU pre-incubated rat lung slices.

Lung slices were incubated in KRP alone (a), or with BCNU (b) for 45 minutes.
They were then removed, briefly immersed in fresh KRP and incubated in the
absence of diquat (0——0), or with diquat at concentrations of 200 pM (*——¢),
1000 uM (m—m) or with paraquat at a concentration of 100 ptM (x— —*) for up to 4
hours. The lung slices were then removed, briefly immersed in fresh KRP and
accumulation of [**C]-spermidine was assessed. Results represent the mean of 3
experiments * sem.

»! Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of diquat for a particular pretreatment.

2 Denotes significant difference (p<0.05) between results obtained from control
pretreated and the corresponding BCNU pretreated lung slices.
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Figure 4.4. Effect of diquat on the accumulation of adenosine by a) Control and b)
BCNU pre-incubated rat lung slices.

Lung slices were incubated in KRP alone (a), or with BCNU (b) for 45 minutes.
They were then removed, briefly immersed in fresh KRP and incubated in the
absence of diquat ( ©——0), or with diquat at concentrations of 200 pM (*——e),
1000 pM (m——m) or with paraquat at a concentration of 100 uM (»— —«) for up to 4
hours. The lung slices were then removed, briefly immersed in fresh KRP and
accumulation of [*H])-adenosine was assessed. Results represent the mean of 3
experiments + sem.

! Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of diquat for a particular pretreatment.

+2 Denotes significant difference (p<0.05) between results obtained from control
pretreated and the corresponding BCNU pretreated lung slices.
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Figure 4.5. Effect of 1,4-benzoquinone on levels of GSH in a) Control and b) BCNU
pre-incubated rat lung slices.

Lung slices were incubated in KRP alone (a), or with BCNU (b) for 45 minutes.
They were then removed, briefly immersed in fresh KRP and incubated in the
absence of 1,4-benzoquinone ( ©——0), or with 1,4-benzoquinone at concentrations
of 20 uM (*——¢), 100 utM (m——n) or 500 ptM (a—a) for up to 4 hours. GSH was
determined (as NPSH) in supernatants from lung slice homogenates by the
fluorometric method of Hissin and Hilf [131]. Results represent the mean of 3
experiments + sem.

* Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of 1,4-benzoquinone for a particular
pretreatment.
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Figure 4.6. Effect of 1,4-benzoquinone on levels of ATP in a) Control and b) BCNU
pre-incubated rat lung slices.

Lung slices were incubated in KRP only (a), or BCNU (b) for 45 minutes. They
were then removed, briefly immersed in fresh KRP and incubated in the absence of
1,4-benzoquinone ( ©——0), or with 1,4-benzoquinone at concentrations of 20 pM
(e——=*), 100 pM (w——um) or 500 pnM (a——a) for up to 4 hours. ATP was
determined in supernatants from lung slice homogenates by the bioluminescence
method of LeMasters and Hackenbrock [136]. Results represent the mean of 3
experiments + sem.

» Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of 1,4-benzoquinone for a particular
pretreatment.
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Figure 4.7. Effect of short incubations of 1.,4-benzoquinone on levels of a) GSH and
b) ATP in rat lung slices.

Lung slices were incubated in the absence of 1,4-benzoquinone ( ©——0), or with
1,4-benzoquinone 100 pM (*——¢) or 500 utM (w——m) for 30 minutes. GSH was
determined (as NPSH) in supernatants from lung slice homogenates by the
fluorometric method of Hissin and Hilf [131]. ATP was determined in supernatants
from lung slice homogenates by the bioluminescence method of LeMasters and
Hackenbrock [136]. Results represent the mean of 3 experiments + sem.

* Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of 1,4-benzoquinone.
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Figure 4.8. Effect of 1,4-benzoquinone on the accumulation of spermidine by a)
Control and b) BCNU pre-incubated rat lung slices.

Lung slices were incubated in KRP alone (a), or with BCNU (b) for 45 minutes.
They were then removed, briefly immersed in fresh KRP and incubated in the
absence of 1,4-benzoquinone ( 0——0), or with 1,4-benzoquinone at concentrations
of 100 pM (*——-¢), or 500 nM (w——m) for up to 4 hours. The lung slices were then
removed, briefly immersed in fresh KRP and accumulation of [**C]-spermidine was
assessed. Results represent the mean of 3 experiments + sem.

= Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of 1,4-benzoquinone for a particular
pretreatment.
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Figure 4.9. Effect of 1,4-benzoquinone on the accumulation of adenosine by a)
Control and b) BCNU pre-incubated rat lung slices.

Lung slices were incubated in KRP alone (a), or with BCNU (b) for 45 minutes.
They were then removed, briefly immersed in fresh KRP and incubated in the
absence of 1,4-benzoquinone ( 0——0), or with 1,4-benzoquinone at concentrations
of 100 pM (*——¢), or 500 pM (m——m) for up to 4 hours. The lung slices were then
removed, briefly immersed in fresh KRP and accumulation of [*H]-adenosine was
assessed. Results represent the mean of 3 experiments + sem.

» Denotes significant difference (p<0.05) between results obtained from lung slices

incubated in the presence and absence of 1,4-benzoquinone for a particular
pretreatment.
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Figure 4.10. Effect of short incubations of 1,4-benzoquinone on the accumulation of
a) spermidine and b) adenosine in rat lung slices.

Lung slices were incubated in the absence of 1,4-benzoquinone ( ©——0), or with
1,4-benzoquinone at concentrations of 100 utM (* *) or 500 pM (m——um) for 30
minutes. They were then removed, briefly immersed in fresh KRP, and
accumulation of [*4C]-spermidine or [*H]-adenosine were assessed. Results
represent the mean of 3 experiments + sem.

= Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the presence and absence of 1,4-benzoquinone.




Chapter 4 123

= 0.8 -
=
E
[/

? ’
. 2 /
o / ’
= & ‘»:c ’»:4
o s Rz 2%
E (] o A

@ O D’C
=8 ! ‘b,i /».0
= % 7 2
: A .
8 /X % R

Control ATG MS SOG
Treatment
= 1.6 1
£z
2
[+
E %
124 P 7
° ?'" ?V« ?:;:
> A A %
. 0.8 4 I 7 A
o 7 K ) A
~ /.4 ’0 ’0
o 7 7 o
2 g o 7
E 1 AR O
EXEREZ: W7 2%
7: Bl 9
o B | g
< oLl X Zx
Control  ATG MS SOG
Treatment

Figure 4.11. Effect of glutathione peroxidase inhibitors on the levels of a) GSH and
b) ATP in rat lung slices.

Lung slices were incubated with KRP, aurothioglucose, 100 uM (ATG, an inhibitor
of glutathione peroxidase [118]), mercaptosuccinic acid, 200 pM (MS, an inhibitor of
glutathione peroxidase [119]), or S-octyl glutathione, 200 pM (SOG, an inhibitor of
glutathione-S-transferase [176]), for 30 minutes. For each of these inhibitor
pretreatments, the lung slices were incubated with either KRP (O), paraquat, 150
pM (@), 2,3-dimethoxy-1,4-naphthoquinone, 50 uM (&) or hydrogen peroxide, 5 mM
(M) for a further 2 hours, co-incubating with the inhibitor. GSH (NPSH) and ATP
was determined in supernatants from lung slice homogenates. Results represent
the mean of 3 experiments + sem.
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Figure 4.12. Effect of glutathione peroxidase inhibitors on the accumulation of
a) spermidine and b) adenosine by rat lung slices.

Lung slices were incubated with KRP, aurothioglucose, 100 uM (ATG, an inhibitor
of glutathione peroxidase [118]), mercaptosuccinic acid, 200 M (MS, an inhibitor of
glutathione peroxidase [119]), or S-octyl glutathione, 200 unM (SOG, an inhibitor of
glutathione-S-transferase [176]), for 30 minutes. For each of these inhibitor
pretreatments, the lung slices were incubated with either KRP alone (OJ), or with
paraquat, 150 nM (@), 2,3-dimethoxy-1,4-naphthoquinone, 50 uM (®) or hydrogen
peroxide, 5 mM (M) for a further 2 hours, co-incubating with the inhibitor. The
lung slices were then removed, briefly immersed in fresh KRP, and accumulation of
[14C]-spermidine or [2-®H]-adenosine was assessed. Results represent the mean of
3 experiments + sem.
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Figure 4.13. Effect of catalase inhibitors on the levels of a) GSH and b) ATP in rat
lung slices.

Lung slices were incubated with KRP, sodium azide, 5 mM (Azide, an inhibitor of
catalase [177]), 3-amino-1,2,4-triazole, 25 mM (3-AT, an inhibitor of catalase [178]),
or cyanamide, 1 mM (Cyanamide, an inhibitor of catalase [179]), for 30 minutes.
For each of these inhibitor pretreatments, the lung slices were incubated with
either KRP alone (O), or with paraquat, 150 uM (B@), 2,3-dimethoxy-1,4-
naphthoquinone, 50 pM (®) or hydrogen peroxide, 5 mM (M) for a further 2 hours,
co-incubating with the inhibitor. GSH (NPSH) and ATP was determined in
supernatants from lung slice homogenates. Results represent the mean of 3
experiments + sem.
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Figure 4.14. Effect of catalase inhibitors on the accumulation of a) spermidine and
b) adenosine by rat lung slices.

Lung slices were incubated with KRP, sodium azide, 5 mM (Azide, an inhibitor of
catalase [177]), 3-amino-1,2,4-triazole, 25 mM (3-AT, an inhibitor of catalase [178)),
or cyanamide, 1 mM (Cyanamide, an inhibitor of catalase [179]), for 30 minutes.
For each of these inhibitor pretreatments, the lung slices were incubated with
either KRP alone (O), or with paraquat, 150 pM (@), 2,3-dimethoxy-1,4-
naphthoquinone, 50 utM (&) or hydrogen peroxide, 5 mM (M) for a further 2 hours,
co-incubating with the inhibitor. The lung slices were then removed, briefly
immersed in fresh KRP, and accumulation of [14C]-spermidine or [2-3H]-adenosine
was assessed. Results represent the mean of 3 experiments + sem.
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DISCUSSION

These studies have attempted to distinguish the relative importance of redox
cycling versus glutathione conjugation in the protective role of glutathione in an in
vitro model of pulmonary toxicity. The compounds studied were diquat (a redox
cycling compound [63]) and 1,4-benzoquinone (a nucleophile arylating compound
[175]). In order to elucidate the mechanisms of toxicity of these compounds in lung
tissue, a rat lung slice model was employed with markedly inhibited glutathione
reductase activity using the antitumour agent BCNU [130]. The effects of
incubating lung slices with diquat (a redox cycling compound) and
1,4-benzoquinone (an arylating compound) were assessed using biochemical (figures
4.1, 4.2, 4.5-4.7) and functional (figures 4.3, 4.4, 4.8-4.10) indices of toxicity, in
terms of cellular function. The influence of inhibiting glutathione reductase on the
effects of these compounds was also studied.

BCNU pretreatment of lung slices potentiated the loss of GSH (p < 0.05,
figure 4.1) and appeared to potentiate the loss of ATP (figure 4.2) in rat lung slices
incubated with diquat. The loss of spermidine accumulation (p < 0.05, figure 4.3)
and adenosine accumulation (p < 0.05 for 1 mM, figure 4.4) was also potentiated by
BCNU pretreatment. This indicates that the main toxic effects of diquat on the
lung slice results from oxidative stress, mediated via redox cycling. The
potentiation of loss of both spermidine and adenosine accumulation suggests that
there is a lack of cellular specificity of diquat for a particular cell type in the lung.
This is in contrast to paraquat, a chemically related compound, which showed a
preferential potentiation of loss of spermidine accumulation following BCNU
pretreatment (p < 0.05, figure 4.3).

The fact that GSH (figure 4.1), ATP (figure 4.2) and both functional markers
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(figures 4.3, 4.4) were maintained in the control lung slices suggests that the
cellular defences against the proposed oxidative stress produced by diquat [63] is
sufficient to maintain GSH in a reduced state. The effect of paraquat, when
compared to diquat, on spermidine and adenosine accumulation is consistent with
the proposed specificity of paraquat accumulation, considering that paraquat has
been shown to redox cycle more slowly than diquat [180].

Diquat is not known to arylate glutathione or other nucleophiles, hence it is
thought to be a 'pure’ redox cycler. The redox cycling of diquat is thought to occur
predominantly in the endoplasmic reticulum, as it has been found not to penetrate
the mitochondria [63]. In lung slices, incubation with diquat showed minimal
effects on GSH despite its proposed mechanism. This is in contrast to the effects
produced by 2,3-dimethoxy-1,4-naphthoquinone (also a ’pure’ redox cycler [122])
which shows significant GSH depletion at 50 nM incubation concentration.

(p < 0.05, figure 4.1). Firstly, the diquat ion, being a charged species, would be less
lipophilic than the quinone, and thus would traverse cell membranes less readily.
Consequently, for any given incubation concentration, 2,3-diMeO-NQ would achieve
a higher intracellular concentration compared with diquat. Secondly, for a given
intracellular concentration, the comparative redox cycling efficiency between
2,3-diMeO-NQ and diquat has not been reported. It could be postulated that the
site of enzyme-catalysed reduction in the redox cycle may be a factor in redox
cycling efficiency. The basis for this is the marked differences in the ability of
redox cycling compounds to penetrate the mitochondrial membrane [63].

In contrast to diquat, 1,4-benzoquinone produced a rapid, concentration
dependent decrease in both GSH (p < 0.05, figure 4.5) and ATP (p < 0.05, figure
4.6) that was not potentiated by BCNU inactivation of glutathione reductase. A

lack of cellular specificity of the quinone, for a particular cell type in the lung, was
]
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suggested by the observation'that loss of both spermidine accumulation (p < 0.05,
figure 4.8) and adénosine accumulation (p < 0.05, figure 4.9) occurred.
1,4-Benzoquinone has also been found to redox cycle very poorly with either
purified NADPH cytochrome P-450 reductase, cytochrome b; reductase [64], or in
isolated hepatocytes [83]. The poor redox cycling of 1,4-benzoquinone is due to its
high positive one-electron redox potential, +99 mV [64]. The chemical reaction of
1,4-benzoquinone with glutathione results in the formation of adducts that exibit
increasing degrees of glutathione substitution [181]. The reaction is a typical
Michael addition across a C=C bond. The primary substitution product is
2-(glutathion-S-yl)hydroquinone. Autoxidation of the substituted hydroquinone
usually precedes further substitution. The autoxidation of the glutathione
substituted 1,4-benzoquinone proceeds more rapidly than that of the parent
quinone [181]. In a reaction mechanism suggested by Brunmark and Cadenas
[182], the substituted quinone reacts with molecular oxygen to form the substituted
semiquinone and the superoxide ion radical. Further oxidation arises from the
reaction of the substituted semiquinone with another molecule of oxygen to form
the substituted quinone and a second molecule of the superoxide ion radical. The
activity of superoxide dismutase would then result in the formation of two
molecules of hydrogen peroxide for each oxidation associated with a glutathione
substitution. The reaction of one molecule of 1,4-benzoquinone with glutathione
results in the depletion of up to four molecules of glutathione and the formation of
up to six molecules of hydrogen peroxide (The oxidation of the tetraglutathionyl
hydroquinone is unfavourable [181]). This suggests that the possibility of an
oxidative stress mechanism in the toxicity of 1,4-benzoquinone cannot be excluded.
A limitation to the interpretation of the investigation of the role of oxidative stress

in the toxicity of this quinone, using the reductase inhibited lung slice system, is
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the possibility of quinone mediated glutathione reductase inhibition. This remains
to be investigated. The GSH depletion observed with 1,4-benzoquinone (figure 4.5)
occurs much more rapidly than that seen with redox cycling compounds. In
addition, the poor redox cycling of 1,4-benzoquinone, mentioned above, and the
proposed non-catalytic formation of hydrogen peroxide, as opposed to the catalytic
and continuous formation by redox cycling, suggests that the primary mechanism of
benzoquinone toxicity in the lung would be via arylation of critical nucleophiles,
notably glutathione.

The preliminary experiments involving the use of compounds acting via
oxidative stress with the reported inhibitors of glutathione peroxidase and catalase
are difficult to interpret. The possible reasons for this are, firstly, whilst enzyme
inhibition has been reported in cell free systems (178, 183], inhibition of
glutathione peroxidase or catalase has not yet been fully elucidated in lung slices.
The criteria for enzyme inhibition in the lung (e.g. incubation concentration and
preincubation periods) needs to be more fully characterised. Secondly, some of the
inhibitors are known to lack specificity. Azide, for example, inhibits the electron
transport chain [177] in addition to its inhibition of catalase. Thirdly, a

homogeneous distribution of inhibitor, or homogeneous degree of inhibition cannot
necessarily be assumed. The possibility of selective uptake of an inhibitor, by
specific cell types within the lung, cannot be excluded. Other interpretational
problems centre around whether, for some inhibitors, potentiation of biochemical or
functional changes can be viewed as the interaction of related systems (oxidative
stress and inhibition of antioxidant defence enzymes) or the combination of
independent adverse effects.

The preliminary experiments involving the use of inhibitors of antioxidant

defence enzymes (catalase and glutathione peroxidase) attempted to elucidate
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possible differences in the activity of these enzymes between different cell types
within the lung. The apparent lack of effect of glutathione peroxidase inhibitors on
glutathione levels (figure 4.11a) could be consistent with inhibition of glutathione
peroxidase if more than one pathway for glutathione depletion via oxidative stress
exists. This has been suggested for glutathione peroxidase activity (102, 103] and
uncatalysed glutathione depletion via oxidative stress [100]. However, a lack of
effect could also imply a lack of inhibition. This ambiguity means that no definite
conclusions can be drawn from the effect of the glutathione peroxidase inhibitors on
oxidatively mediated glutathione depletion. This argument also applies to effects
on ATP levels (figure 4.11b). Apparent differences between the effects of the
proposed glutathione peroxidase inhibitors on oxidatively mediated loss of
spermidine (figure 4.12a) or adenosine (figure 4.12b) accumulation could suggest
possible differences in selenium dependent glutathione peroxidase activity between
different cell types. Other possibilities cannot be excluded. A heterogeneous
distribution of inhibitor could arise from possible selective uptake mechanisms, or
possible differences in cellular permeability between different cell types.

Results obtained from experiments involving the use of proposed inhibitors
of catalase are complicated by the reported lack of specificity of the inhibitors for
catalase (177, 179] and their complex mechanism of action [178]. Some of the
inhibitors appeared to effect small changes in GSH levels themselves (figure 4.13a)
which would serve to complicate the pattern of data such that potentiation of GSH
loss by oxidative stress cannot necessarily be implied nor ruled out. The complex
action of the proposed catalase inhibitors is further shown in modulation of ATP
levels (figure 4.13b). The depletion of ATP associated with incubating the slices
with azide obscures any modulation of ATP changes associated with oxidative

stress. Cyanamide appears to increase the loss of ATP caused by 2,3-dimethox3;-
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1,4-naphthoquinone and hydrogen peroxide (figure 4.13b). This would imply that
catalase activity might contribute significantly to the antioxidant defence system
under conditions of oxidative stress induced by redox cycling compounds. The lack
of potentiation of loss of ATP is consistent with the suggestion that the majority of
ATP is located in cell types other than those which accumulate paraquat, i.e. the
pulmonary epithelium [184). The lack of potentiation seen with 3-aminotriazole is
consistent with the proposed complex mechanism of inhibition which also requires
hydrogen peroxide [178]. The loss of ability to accumulate spermidine (figure
4.14a) and adenosine (figure 4.14b) due to oxidative stress is modulated by
treatment with the proposed catalase inhibitors. It cannot be assumed that the
observed effects are due, solely or in part, to inhibition of catalase.

Further work remains to elucidate the influence of antioxidant defence
enzyme inhibition on the modulation of the effects of oxidative stress. The
characteristics of enzyme inhibition need to be evaluated in terms of specificity and
conditions of incubation. Additionally, the non-specific effects of the inhibitors need
to be distinguished from the effects of enzyme inhibition. This could be achieved,
in part, by the use of an appropriate control compound. In the case of catalase
inhibition, the effects of mitochondrial respiration need to be distinguished from

catalase activity as the proposed inhibitors are also reported to lack specificity.
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Chapter 5

An investigation into the relationship between
pulmonary glutathione levels and the toxicity of
o-naphthyl thiourea (ANTU)

INTRODUCTION

Glutathione (GSH) is known to attenuate the toxicities of various agents which
damage the lung, including 3-methylindole [185] naphthalene [186] and 4-ipomeanol
[187]. The relationship between pulmonary glutathione levels and the toxicity of
o-naphthylthiourea (ANTU) has been explored previously, where studies have revealed
that ANTU-induced lethality, hydrothorax and pulmonary covalent binding were
potentiated by pretreatment with diethyl maleate (DEM; a potent GSH depleting
agent [188]).

ANTU is a rodenticide which produces a relatively selective pulmonary toxicity.
This is expressed pathologically as a fibrin-rich non hzemorrhagic cedema with
extensive pleural effusions both in the rat and dog [189]. Meyrick et al. [27] showed
a blebbing and scalloping of endothelial cells following ANTU administration.
Histological investigations of ANTU-induced injury have suggested that cedema results
from the reversible formation of gaps in the endothelium [190]. These findings suggest
that the pulmonary endothelium is the major target of ANTU toxicity.
Chemically-induced damage to the pulmonary endothelium typically leads to an
increased pulmonary microvascular permeability to fluids and proteins, which results
in marked abnormalities in gas exchange and mechanical properties of the lungs. The
consequence of this sequence of events is pulmonary cedema. Damage to the
endothelium was also indicated by a reduction in 5-hydroxytryptamine uptake (a
marker of endothelial cell function) observed in isolated perfused lungs prepared from

rats dosed with ANTU [164]. Epithelial damage has also been observed, though this
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has been reported to occur subsequent to endothelial injury [27].

The precise mechanism by which ANTU produces lung damage is uncertain
[15]. Following administration of radiolabelled ANTU in vivo, covalent binding, to
macromolecules in lung and liver, was observed [188]. There is evidence that
metabolic activation, involving desulphuration, occurs to form a reactive metabblite
[188]. Metabolism, at least in part, by cytochrome-P450 monooxygenase in both lung
and liver microsomes increases covalent binding [191]. Pretreatment in vivo with
piperonyl butoxide (an inhibitor of cytochrome-P450 monooxygenase activity) confers
some protection against ANTU toxicity at low doses, supporting the involvement of
pathways of metabolic activation [192]. It has also been suggested that flavin-
containing monooxygenase may be involved in the metabolic activation of ANTU [193].
Pulmonary endothelial cells are also the primary site of exposure to compounds which
access the lung via the systemic route.

In the present study, the influence of elevated pulmonary GSH levels on the
toxicity of ANTU in vivo in the rat was assessed. A variety of parameters was used
to evaluate toxicity. Pulmonary glutathione levels were elevated by prior
administration of phorone. Phorone (di-isopropylidene acetone) is an o,B-unsaturated
carbonyl compound which conjugates with GSH [194]. This compound has been used
in a variety of studies pertaining to the effects of GSH depletion on lipid peroxidation
[195]. It has been shown that after phorone administration, the initial GSH depletion
is followed by an elevation over control levels. It is presumed that the elevation of
GSH levels results from rebound synthesis as GSH levels are self regulated by
feedback inhibition of one of the enzymes responsible for its own synthesis -
v-glutamylcysteine synthetase.

In addition, the selectivity of ANTU toxicity in vitro was assessed in rat lung

slices.
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RESULTS

Effect of phorone pretreatment on ANTU-induced lethality

In control animals, ANTU (10 mg/kg) was fatal to 4 out of 8 animals (figure
5.1). This is consistent with previous investigations which have assigned an LDy, for
ANTU at 7.5-10 mg/kg i.p. [188, 191]. The highest dose of ANTU (20 mg/kg was fatal
to all 8 animals in the dose group. Both groups showed signs of toxicity including
hunching and piloerection. The lowest dose of ANTU (5 mg/kg) was not fatal to any
animal in the dose group but toxic signs were still observed though their severity was
reduced compared with animals given the higher doses.

In animals given phorone 48 hours prior to ANTU, the ANTU-induced lethality
was completely abolished (figure 5.1). This would suggest that elevation of pulmonary
GSH levels obtained with phorone pretreatment protects against ANTU-induced

lethality.

Effect of phorone pretreatment on ANTU-induced hydrothorax

In control animals, ANTU produced hydrothorax, the volume of which was
dose-dependent. Administration of phorone alone (figure 5.2) did not result in any
detectable hydrothorax after a 48 hour period. In rats pretreated with phorone (figure
5.2), ANTU administration did not result in detectable hydrothorax. The volumes of
fluid were in good accord with those previously reported by Boyd and Neal [188].

By 4 hours, ANTU (10 mg/kg) induced a small increase in the wet/dry weight
ratio of whole lung. This increase was offset by prior treatment with phorone (figure

5.3).
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Effects of ANTU on pulmonary GSH
In control animals, ANTU produced a little or no change in pulmonary GSH
levels after 4 hours (figure 5.4). In rats pretreated with phorone (200 mg/kg, i.p.) 48
hours previously, the pulmonary glutathione levels were elevated to 1.7%21'235 ;ﬁgge
seen in control pretreated rats. This finding is in agreement with previous
observations by Hardwick [137]. When phorone pretreated rats were given ANTU, the

pulmonary GSH levels were depleted to the level of those seen in control pretreated

rats (figure 5.4).

Effects of ANTU on adenosine accumulation

Rat lung slices accumulated radioactivity associated with adenosine in a time
and concentration dependent manner (chapter 3). Phorone pretreatment produced no
significant modulation of the uptake of adenosine (10 nM) into lung tissue compared
with lung slices prepared from control animals. Administration of ANTU in vivo
resulted in the dose-dependent loss of ability to accumulate radiolabel. Pretreatment
with phorone completely protected against the loss of adenosine uptake at the lower
dose of ANTU (5 mg/kg) and almost completely protected against the loss of adenosine

uptake at the higher dose of ANTU (10 mg/kg, figure 5.5a)

Effects of ANTU on spermidine accumulation
Spermidine was accumulated into lung slices from control animals in a manner
consistent with that seen in previous studies [138]. Prior treatment with phorone did
not affect the uptake of the oligoamine. In the absence of phorone pretreatment,
ANTU (5 and 10 mg/kg) resulted in a significant dose dependent reduction in
spermidine uptake. Pretreatment with phorone protected partially but not completely

against the loss of spermidine uptake caused by ANTU (figure 5.5b).
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Effects of ANTU in vitro

Spermidine was accumulated into control incubated lung slices in a manner
consistent with that seen in previous studies [138]. Incubation of rat lung slices with
ANTU in vitro for 4 hours, over a concentration range of 1-1000 pM, resulted in no
significant modulation in the ability of the slices to accumulate spermidine.

Control incubated rat lung slices accumulated radioactivity associated with
adenosine in a time and concentration dependent manner (chapter 3). Incubation of
rat lung slices with ANTU in vitro for 4 hours, over a concentration range of 1-1000
1M, resulted in a non-linear, concentration dependent loss of ability of the lung slices,
to accumulate radiolabel associated with adenosine (10 nM), compared with control
incubated lung slices. These findings are in contrast to the toxicity of ANTU seen in

vivo.
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figure 5.1. Effect of phorone pretreatment on ANTU induced lethality.

Animals were injected i.p. with corn oil alone (O) or phorone (200 mg/kg, ®) 48
hours prior to administration of ANTU (0, 5, 10 or 20mg/kg). The animals were
observed at intervals of 3-6 hours for 48 hours for clinical signs of toxicity and
lethality. Subsequently the animals were monitored daily for any further lethality for
a period of three weeks following dosing with ANTU.
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figure 5.2. Effect of phorone pretreatment on hydrothorax associated with ANTU.

Animals were injected i.p. with corn oil alone (0) or phorone (200 mg/kg, *) 48
hours prior to administration of ANTU (0, 5 or 10 mg/kg). 4 hours after dosing with
ANTU, the animals were sacrificed and the thoracic cavity opened. Hydrothorax fluid
volume was reported as the volume of fluid which could be aspirated by pipette as
described by Boyd and Neal. Results represent the mean + maximum and minimum
range.
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figure 5.3. Effect of phorone pretreatment on wet/dry weight ratio changes associated
with ANTU.

Animals were injected i.p. with corn oil alone (©) or phorone (200 mg/kg, ®) 48
hours prior to administration of ANTU (0, 5 or 10 mg/kg). 4 hours after dosing with
ANTU, the animals were sacrificed, the lungs removed and blotted to remove excess
external fluid and weighed. The lungs were then heated to 110° C for 48 hours and
reweighed. The lungs were then heated to 110° C for a further 24 hours and this was
repeated until a constant weight was achieved. The results were expressed as the
fraction wet weight/dry weight and represent one experiment typical of several.
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figure 5.4. Effect of phorone pretreatment on GSH changes associated with ANTU.

Animals were injected i.p. with corn oil alone (0) or phorone (200 mg/kg, ¢) 48
hours prior to administration of ANTU (0, 5 or 10 mg/kg). 4 hours after dosing with
ANTU, the animals were sacrificed, the lungs removed and GSH levels were
determined according to the method of Brigelius et al. Results represent the values
obtained from one experiment typical of several.




chapter 5 142

0.5
*2
*2
—~ 0.4
S 3
-
3>
=
E B3 -
3 TR *
o 3
< .
([}
V]
£ %oz
e 2
5%
< 3o
0 T |
0 5 10

ANTU dose {mg/kg)

figure 5.5. Effect of phorone pretreatment on changes in adenosine accumulation
associated with ANTU.

Animals were injected i.p. with corn oil alone (0) or phorone (200 mg/kg, °) 48
hours prior to administration of ANTU (0, 5 or 10 mg/kg). 4 hours after dosing with
ANTU, the animals were sacrificed and lung slices were prepared. The accumulation
of adenosine was carried out as described in chapter 2. Results represent the mean
+ sem of 3 experiments.

x! Denotes significant difference (p<0.05) between results obtained from rats dosed
with vehicle control (ANTU controls) for each pretreatment.

«2 Denotes significant difference (p<0.05) between results obtained from control
pretreated rats (phorone controls) for a particular dose of ANTU.
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ficure 5.6. Effect of phorone pretreatment on changes in spermidine accumulation
associated with ANTU.

Animals were injected i.p. with corn oil alone (0) or phorone (200 mg/kg, *) 48
hours prior to administration of ANTU (0, 5 or 10 mg/kg). 4 hours after dosing with
ANTU, the animals were sacrificed and lung slices were prepared. The accumulation
of spermidine was carried out as described in chapter 2. Results represent the mean
+ sem of 3 experiments. ‘

«! Denotes significant difference (p<0.05) between results obtained from rats dosed
with vehicle control (ANTU controls) for each pretreatment.

=2 Denotes significant difference (p<0.05) between results obtained from control
pretreated rats (phorone controls) for a particular dose of ANTU.
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figure 5.7. Effect of ANTU in vitro on adenosine and spermidine accumulation
Lung slices were incubated with ANTU at concentrations of 0, 1, 10, 100 and

1000 uM for a period of 4 hours at 37° C. ANTU was dissolved in DMSO such that

100 ul addition to 4.9 ml KRP incubation medium achieved the desired concentration.

Spermidine () or adenosine (®) accumulation was then carried out as described in
chapter 2. Results represent the mean + sem of 3 experiments. * Denotes significant
difference of uptake from slices incubated in the absence of ANTU.

* Denotes significant difference (p<0.05) between results obtained from lung slices
incubated in the absence of ANTU
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DISCUSSION

The most important finding in the study was that prior treatment with phorone
was associated with a marked reduction in the toxicity of ANTU. The indicators used
to assess ANTU toxicity were: lethality, hydrothorax, pulmonary GSH levels and
changes in adenosine and spermidine uptake.

Whilst the association between phorone pretreatment and observed reduction
in indicators of ANTU toxicity was clear, the mechanism for this protection is less so.
Lee et al. proposed that ANTU is metabolically activated to atomic sulphur, a portion
of which, becomes covalently bound to the cysteine side chains of proteins forming the
hydrodisulphide [191]. Therefore, GSH may protect by offering an alternative site for
covalent binding of the reactive metabolite(s) of ANTU. In this study, pretreatment
with phorone was used to increase pulmonary GSH in order to determine if this could
protect against the animals against ANTU-induced toxicity. This was based on the
observed time course of GSH levels in both rat lung and liver following a single
administration of phorone [196] (data not shown). Phorone rather than diethyl
maleate was chosen because it has been reported to exert fewer effects on cytochrome-
P450 monooxygenase activity [197]. The cellular pulmonary distribution of the
elevated GSH following phorone pretreatment is unknown. It has been suggested
that much of the GSH is in cell types other than the epithelium, possibly the
endothelium [184]. Furthermore, in isolated cell preparations from rabbit lung the
rate of de novo GSH synthesis is lower in type II cells than Clara cells or alveolar
macrophages [198]. Phorone presumably elevates GSH by rebound synthesis which
may be low or absent in type II cells. Thus the elevated GSH following phorone
pretreatment may have been in part in endothelial cells thus resulting in the observed

protection against ANTU. This finding is also supported by the observation that
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phorone pretreatment did not protect against paraquat toxicity in vivo, which has been
shown to damage primarily the alveolar epithelial type I and type II cells [196].

The effect of ANTU on pulmonary GSH levels, observed at 4 hours (figure 5.4)
is complicated. The preliminary experiment suggested that no modulation of GSH was
seen in ANTU treated rats, but with phorone pretreatment, the elevated GSH levels
appeared to be depleted to levels seen in control pretreated rats. Observations with
phenylthiourea, a chemically and toxicologically related compound to ANTU, have
shown an apparent increase in lung glutathione levels after 2 hours [199]. This could
suggest that a complex, perhaps time dependent, relationship between pulmonary
GSH levels and ANTU toxicity exists. A time course of pulmonary and hepatic GSH,
with and without phorone pretreatment, following ANTU administration may give
more detailed information as to the precise relationship between GSH levels and
ANTU toxicity.

A further complication in delineating the mechanism of the phorone protection
against ANTU-induced toxicity was the striking elevation in hepatic NPSH levels
(data not shown) [196]. These changes could alter the pharmacokinetics of ANTU
resulting in a decreased availability to the lung and therefore a decreased toxicity.
Phorone has been shown to induce ha&em oxygenase activity in rat liver [197]. This
suggests that phorone may alter the metabolic profile of the liver by selective
induction (or inhibition). It is therefore conceivable that hepatic metabolism of ANTU
may be modulated, so altering its bioavailability to the lung. In addition, both lung
and liver microsomes may activate ANTU [191] so a possible hepatic contribution to
the observed protection cannot be excluded.

ANTU (5 and 10 mg/kg) also caused a dose dependent inhibition of spermidine
accumulation, in agreement with Nemery et al. [144]. As spermidine accumulation

occurs in alveolar epithelial as opposed to endothelial cells, these results suggest that
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ANTU may also damage epithelial cells, in agreement with the results of Meyrick et
al. although these histological effects were observed at a dose of 50 mg/kg [27]. In the
present study, ANTU did not show any particular selectivity for the endothelium,
compared with the epithelium, based on functional markers. This could be the result
of assessing these parameters at 4 hours after ANTU administration (when cedema
has been shown to be maximal [190]). Altenatively, the relationship between a given
change in a functional marker and the degree of toxicity which this represents may
vary such that direct comparisons between functional markers could be misleading.
Investigations at earlier times might have shown preferential damage to the different
cell types.

The effects of ANTU observed in vitro are in contrast to those seen in vivo
(figure 5.6). The effects were seen in the pulmonary epithelium and not in the
endothelium. Incubation of lung slices with 10 uM ANTU for 4 hours resulted in a
reduction in spermidine uptake (p < 0.05). Adenosine uptake remained apparently
unaffected by incubation with ANTU for 4 hours, at concentrations up to 1 mM. This
could suggest differences in the mechanism of toxicity of ANTU, administered ir vivo
or incubated in vitro, to the lung. The differences could arise from a number of factors
such as possible hepatic involvement in terms of metabolic activation, changes in
pulmonary intercellular relationships between the in vivo or the in vitro conditions.
Other considerations include physiological responses of endothelial cells to mechanical
damage, and white cell recruitment. Leukocyte and platelet infiltration of the lung
has been shown in oxygen mediated pulmonary endothelial toxicity [26]. Further,
changes in solubility of ANTU after metabolism, leading to precipitation, has not been
reported. It is possible that such changes could lead to mechanical vascular damage
seen in vivo which is absent in the in vitro situation.

Despite the problems in understanding the precise mechanism of the apparent
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protection afforded by phorone pretreatment against ANTU induced toxicity, similar
pretreatment may also protect against other types of endothelial cell damage such as

that induced by hyperoxia.
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Chapter 6

Final Discussion

6.1 Introduction

The aim of these studies was to investigate the biochemistry of glutathiorie in
the mechanisms of pulmonary toxicity. It is well established that glutathione is
involved in the detoxification of potentially harmful compounds. The protection
afforded by glutathione occurs via two main mechanisms. Firstly, by conjugation with
the toxicant per se or following ’phase I’ (mixed function oxidase type) metabolism.
The second main mechanism of protection afforded by glutathione is that of
detoxifying reactive oxygen species. Glutathione acts in conjunction with specialised
enzyme systems in both mechanisms of protection. A number of questions needed to
be addressed to clarify the relevance of glutathione biochemistry in the lung. The lung
is a heterogeneous organ in that more than 40 different cell types have been identified.
The protection from toxicity to a particular cell type, afforded by glutathione, would
be dependent on the intracellular level of glutathione and the activity of the
appropriate enzyme which catalyses the detoxifying reactions. Possible differences in
either the level of glutathione or its associated enzyme activities, between cell types
in the lung could, in part, explain selectivity of toxic effects for some compounds. This
hypothesis is further complicated in terms of the differential physiology of cell types
within the lung. This is exemplified by the demonstration of an oligoamine uptake
system in the lung by the pulmonary epithelium, and the haemostatic role of the
pulmonary endothelium via the production of prostacyclin. Some insight into
differences of toxicity between cell types was attempted by the application of selective

indicators of pulmonary cell function.
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6.2 Adenosine as a marker of pulmonary endothelial cell function.

The use of adenosine as a selective indicator of pulmonary cell function followed.
some preliminary investigations by Hardwick [137]. The characteristics of adenosine
accumulation was investigated in terms of kinetics and metabolism. Autoradiographic
studies to show localisation of adenosine accumulation was also attempted (figure
3.18). The accumulation of radioactivity associated with adenosine was, at some
concentrations, approximately linear with time (figure 3.2). Saturation of adenosine
uptake was also shown. Attempts to express adenosine accumulation in terms of
Michaelis-Menten kinetics suggested that this approach was too simplistic, and that
other factors, in addition to simple uptake, might be involved (table 3.1). Further
characterisation of the accumulation of adenosine revealed that it was rapidly
metabolised to ATP. The involvement of adenosine kinase suggested that an initial
phosphorylation of adenosine might be dependent on the ATP content of the cell, hence
the rate of adenosine uptake and conversion to ATP could be a reflection of the initial
ATP levels within the cell. The localisation to cell types other than the pulmonary
epithelium, possibly the endothelium, has been suggested on the basis of studies by
Hardwick [137], with cell selective toxicants. This has been supported in the
preliminary autoradiographic studies (figure 3.18). However, other possibilities, such
as initial metabolism at a distant site followed by subsequent transport, cannot be
excluded. Whilst preliminary data presented here, and that shown by Hardwick [137],
suggests that accumulation of radiolabel by rat lung slices might indicate pulmonary
endothelial cell function, further work remains to elucidate the characteristics of

adenosine transport more fully in terms of biochemistry and localisation.
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i 6.3. The relative importance of conjugation and antioxidant
defences in the lung
The studies from chapter 4 attempted to distinguish the relative importance of
redox cycling versus glutathione conjugation in the protective role of glutathione in
pulmonary toxicity. In order to elucidate the mechanisms of toxicity of these
compounds in lung tissue, a rat lung slice model was employed with markedly
inhibited glutathione reductase activity using the antitumour agent BCNU [130]. The
toxicity of a number of compounds whose mechanisms of toxicity are known, were
investigated. The compounds investigated were assumed to be distributed evenly
across the different cell types in terms of concentration apart from paraquat, for which
a selective accumulation for the pulmonary epithelium has been demonstrated [13].
Toxicity was indicated by cellular ATP and GSH levels and selective toxicity was
inferred by the use of functional markers of spermidine and adenosine accumulation.
BCNU pretreatment of lung slices potentiated the loss of GSH (figure 4.1) and
ATP (figure 4.2) in rat lung slices incubated with diquat. The loss of spermidine
accumulation (figure 4.3) and adenosine accumulation (figure 4.4) was also potentiated
by BCNU pretreatment. This suggests that oxidative stress mediated via redox
cycling is involved in the mechanism of toxicity of diquat. The potentiation of loss of
both spermidine and adenosine accumulation suggests that there is a lack of cellular
specificity of diquat for a particular cell type in the lung. This is in contrast to
paraquat, a chemically related compound, which showed a preferential potentiation
of loss of spermidine accumulation following BCNU pretreatment (figure 4.3).
In contrast to diquat, 1,4-benzoquinone produced a rapid, concentration
dependent decrease in both GSH (figure 4.5) and ATP (figure 4.6) that was not

potentiated by BCNU inactivation of glutathione reductase. A lack of cellular

specificity of the quinone, for a particular cell type in the lung, was suggested by the
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observation that loss of both spermidine accumulation (figure 4.8) and adenosine
accumulation (figure 4.9) occurred. The preliminary experiments, involving the use
of compounds acting via oxidative stress with the reported inhibitors of glutathione
peroxidase and catalase, attempted to show possible differences in the activities of
antioxidant defence enzymes between different cell types in the lung. The prelimixiary
nature of these studies poses limitations on the interpretation of these studies. This
means that a lack of effect could either be due to ineffective enzyme inhibition, or lack
of effect of enzyme inhibition. However, the use of reported inhibitors of antioxidant
defence enzymes have suggested that differences in enzyme activities between cell
types in the lung could be a possibility. However, from the results of these studies,

no definite conclusions can be drawn.

6.4. The relationship between levels of glutathione and ATP,
activities of functional markers, and cellular toxicity

The concept of toxicity, as applied to biochemical and functional markers, is not
absolutely precise because the relationship between cellular levels of GSH and ATP,
and cellular function (as assessed by the activity of functional markers) have not been
fully elucidated. Additionally, the point at which a particular parameter may be
viewed as a physiological, pharmacological or toxicological response is, to some extent,
arbitrary.
Studies have shown that lowering the intracellular GSH levels with BSO, in vivo or
diethyl maleate, in vitro does not necessarily lead to a loss of cell function [113, 114,
126], however, the observation of a chemically induced lowering of GSH may indicate
a potentially toxic reaction. Many compounds, including 1,4-benzoquinone, react non
specifically with nucleophiles, thus the large excess of GSH within the cell can protect»

against damage to more critical thiol groups. It has been suggested that the
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maintenance of activity of proteins critical to cellular function, depends upon the
presence of reduced sulphydryls on the protein [107, 126].

The relationship of ATP levels to loss of GSH has also been investigated.
Oxidative stress is proposed to increase levels of oxidised glutathione (GSSG) within
the cell prior to an ATP-dependent excretion. A large increase of GSSG formed within
the cell could therefore explain the observed ATP depletion. In the case of
1,4-benzoquinone, the mechanism of ATP-depletion is less clear. The non-selectivity
of reaction may suggest the possibility of compromising ATP generating systems, or
that the quinone may react directly with ATP. The possibility that the interaction of
the quinone with cellular components may induce other ATP utilisation mechanisms
cannot be excluded.

The evaluation of cellular toxicity by the use of functional markers is a useful
means of determining toxicity to particular cell types. The energy dependence of
functional markers means that their activity is dependent on the cellular level of ATP.
This reflects the energy generation versus energy utilisation of the particular cell type
with which they are associated. The precise relationship between different functional
markers, the activity of critical cellular components and the level of ATP will depend
on the energy dependence of each function relative to each other which, in the majority
of situations is far from clear. It has recently been proposed that no simple correlation
exists between intracellular ATP levels and cell damage [200].

Functional markers may reflect the adverse effect of direct interaction of the
compound with cellular macromolecules. This can lead to a loss of clarity in
interpreting cellular toxicity. A compound that damages proteins non-selectively will
compromise the parameter being assessed, together with components which serve the

more immediate cellular requirements, and is thus a reflection of cellular function.
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For selective chemical damage to proteins, functional markers may not be so precisely

felated to loss of critical cell function.

6.5. The role of glutathione in the toxicity of ANTU

The relationship between pulmonary glutathione levels and the to:dqiiy of
ANTU was investigated. It was found that prior treatment with phorone was
associated with a marked reduction in the toxicity of ANTU. The indicators used to
assess ANTU toxicity were: lethality, hydrothorax, pulmonary GSH levels and changes
in adenosine and spermidine uptake.

The effect of ANTU on pulmonary GSH levels, observed at 4 hours (figure 5.4)
is complicated. The preliminary experiment suggested that no modulation of GSH was
seen in ANTU treated rats, but with phorone pretreatment, the elevated GSH levels
appeared to be depleted to levels seen in control pretreated rats. This could suggest
that a complex, perhaps time dependent, relationship between pulmonary GSH levels
and ANTU toxicity exists. A time course of pulmonary and hepatic GSH, with and
without phorone pretreatment, following ANTU administration may give more detailed
information as to the precise relationship between GSH levels and ANTU toxicity.

A further complication in delineating the mechanism of the phorone protection
against ANTU-induced toxicity was the striking elevation in hepatic NPSH levels in
the rat (data not shown) [196]. These changes could alter the pharmacokinetics of
ANTU resulting in a decreased availability to the lung and therefore a decreased
toxicity. It has also been shown that phorone may change heem oxygenase activity in
rat liver [197] thus possibly altering hepatic metabolism of ANTU so altering its
bioavailability to the lung. In addition, both lung and liver microsomes may activate
ANTU [191] so a possible hepatic contribution to the observed protection cannot be

excluded.
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) ANTU (5 and 10 mg/kg) also caused a dose dependent inhibition of spermidine
éccumulation, in agreement with Nemery et al. [144]. These results suggest that.
ANTU may also damage epithelial cells, in agreement with the results of Meyrick et
al. although these histological effects were observed at doses of 50 mg/kg [27]. In the
present study, ANTU did not show any particular selectivity for the endothelium,
compared with the epithelium, based on functional markers. This could be the result
of assessing these parameters at 4 hours after ANTU administration (when cedema
has been shown to be maximal [190]). Investigations at earlier times might have
shown preferential damage to the different cell types
The effects of ANTU observed in vitro are in contrast to those seen in vive
(figure 5.7). Firstly, higher levels of ANTU were required to produce changes in
functional markers in vitro (up to 1 mM as opposed to an in vivo dose of 10 mg/kg).
Secondly, the effects were seen in the pulmonary epithelium and not in the
endothelium. This could suggest differences in the mechanism of toxicity of ANTU,
administered in vivo or incubated in vitro, to the lung. The differences could arise
from a number of factors such as possible hepatic involvement in terms of metabolic
activation and changes in pulmonary intercellular relationships. Other considerations
include physiological responses of endothelial cells to mechanical damage, and white
cell recruitment. Leukocyte and platelet infiltration of the lung has been shown in
oxygen mediated pulmonary endothelial toxicity [26]. Further, changes in solubility
of ANTU after metabolism, leading to precipitation, has not been reported. It is
possible that such changes could lead to mechanical vascular damage seen in vivo

which is absent in the in vitro situation.
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6.6. Summary

These studies have shown that glutathione, in conjunction with its associated .
enzymes, forms an important part of the pulmonary defence mechanisms against toxic
insult.‘ The studies using the known redox cycling compounds paraquat, diquat and
2,3-dimethoxy-1,4-naphthoquinone and the arylating compound 1,4-benzoquiﬁone
suggest possible differences in toxicity between cell types in the lung. It has been
suggested that much of the glutathione in the lung is located in cell types other than
the epithelium, possibly the endothelium [184]. If pulmonary glutathione levels
formed an important part of pulmonary defence mechanisms per se, then this would
be inconsistent with the finding that elevated oxygen levels affect primarily the
endothelium [26]. Initial studies using proposed inhibitors of enzymes associated with
the defence against oxidative stress (glutathione peroxidase and catalase) have
suggested that there may be possible differences in enzyme activity between different
cell types. This would suggest that glutathione manifests different biochemical roles
in different cell types in the lung.

The role of glutathione in the toxicity of ANTU is unclear. It was shown that
raised glutathione levels conferred protection against some of the toxic effects of
ANTU. The mechanism for this protection, however, remains obscure.

The response of the lung to toxic insult is obscured by a multiplicity of
processes involving interrelated and overlapping changes at biochemical, physiological
and pathological levels. Pulmonary damage may result from direct effects,
interference with biochemical processes or eliciting inappropriate or exaggerated repair
responses. Studies of pulmonary toxicity require further understanding into the

contribution of biochemical and physiological processes to pulmonary toxicity.
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