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ABSTRACT

Inflammation is a response to injury mediatd through a
complex of interacting systems. Clinical disorders may
result when Inflammation 1s persistent, uncontrolled or

inappropriately triggered.

Oxy radicals are reactive oxygen—-derived molecules.
Their generatlion by activated polymorhonuclear (PMN)
leucocytes and macrophages constitutes part of the normal
defense against microbial invasion. The high reactivity of
these molecules makes them likely to be (a) contributors to
tissue damage occurring in chronic inflammatory disorders
(e,g. damage to jolnts of patlents with rheumatoid
arthritis), and (b) a major Iinfluence on the metabolism of
cells adjacent to thelr sites of production. Studies were
undertaken in order to (i) obtain a better understanding of
the ways in which oxy radicals may contribute to chronic
inflammation and (il1) establish a basis for new approaches

to treatment of inflammatory diseases.

Leucocytes obtained from inflamed joints of patients
with rheumatoid arthritls were shown to produce a burst of
chemiluminescence following appropriate stimulation,
suggesting an intact mechanism for oxy radilical production in

these cells,



xiv

Studies of the mechanisms of production and inhibition
of effects of oxyradicals were undertaken. Production of
radicals was acheived (a) enzymatically and (b) non
enzymatically. Oxy radical effects were monitored by (a)
hydroxylation of salicylate measured spectrophotometrically
and (b) degradation of hyaluronic acid measured
viscometrically. The need for iron in a suitably chelated
form for the production of the most potent oxy radical,
hydroxyl radical, was established. The inhibitory activity
on oxy radical effects of (i) anti-inflammatory agents, (ii)
oxy radical eliminating enzymes (superoxide dismutase (SOD),
catalase) and (1ii) anti-oxidants was established in the
above systems. Of particular interest was an observed
enhancement of non-enzymatiec hydoxyl radical production seen
with some concentrations of penicillamine, a thiol

containing anti-rheumatic agent.

SOD has been claimed to possess anti-inflammatory
effect and this agent was studied. Intravenously

administered SOD was rapldly cleared from plasma (t 4-6

1/2
minutes) and lacked anti-inflammatory activity.
Glutaraldehyde-crosslinked conjugates were formed comprising
S0D and albumin or SOD alone. These conjugates retained

60-70% of enzymatic activity of constituent SOD. Plasma

clearance of SOD activity following intravenous Injection



XV

of conjugates was greatly prolonged (tl/2 up to 12 hours).,
SOD-homologous albumin and SOD-S0D conjugates 1Injected
intravenously had potent anti-inflammatory effects in rats.
Thescreffects may not necessarily be attributable to their
SOD activity because an anti-inflammatory action was also
seen with conjugates of albumin alone formed by the same

method in absence of SOD.

Arachidonate metabolism, which leads to the production
of oxylipids with potent pro-inflammatory properties, may be
enhanced indirectly by oxy radical production.

Arachidonate metabolism is most comprehensively inhibited by
anti-inflammatory corticosteroids, but the use of these
agents for therapy 1s limited by unacceptable unwanted
effects. A drug carrier system comprising cortisol
palmitate in liposomes, designed to enhance delivery of
cortisol to phagocytic leucocytes, was found have 10-fold
greater potency than a soluble cortisol preparation when

given by intravenous injection.



CHAPTER 1

LITERATURE REVIEW

l.1 INTRODUCTION: Biology of Inflammation

Inflammation involves a series of responses which may
be invoked by tissue damage, microbial invasion, or the
presence of agents perceived as foreign (antigens). The
inflammatory response must be sensitive to approprilate
stimull yet be neither excessively responsive nor
inappropriately triggered. As if to accommodate these
requirements, inflammation is mediated by networks of
cellular responses and a series of interacting

self-regulating humoral (extra-cellular) cascades.

Cellular responses involve multiple cell types and are
subject to inter-cellular communication and feedback
control. Both peptide factors (1,2,3) and oxylipids (e.g.
prostaglandins, leucotrienes) (4,5) are involved in the
orchestration of cellular responses, Similarly,
sub-populations of cells with both suppressive and enhancing
actions have been demonstrated, a phenomenon best

characterized in the lymphocyte subsets (6).

Examples of humoral networks involved in inflammation

include the complement system, protein medilators, e.g.



plasmin (requiring activation by proteases and subject to
inhibition by peptide inhibitors), the kinin system and the

clotting/anticoagulant networks (7).

Antibodies play an important role as specific inducers
of inflammation in the presence of their matching antigens.
Antibodies may also be important as suppressors of
inflammation as seen with feedback inhibition of antibody
production through actions of anti-idiotypic antibodies
(directed against specific antigen-binding sites of
" immunoglobulins) (8). Rheumatoid factors (antibodies with
specificity for Fc portions of immunoglobulins) may be
self-aggregating and complement fixing thus acting as
non-specific amplifiers or even perpetuators of inflammation

(9).

Chronic inflammatory disorders may involve specific
organs/tissues or affect multiple systems. These disorders
are characterized by persistént active inflammation,
damaging to the host and for which no persisting microbial
agent can be found. Examples of such disorders include
rheumatoid arthritis, inflammatory bowel disease and some
forms of lower respiratory tract inflammation. The notion
of chronic inflammatory disease outlined above excludes
those chronic infections, such as leprosy and tuberculosis,

for which specific agents have been identified and for which



appropriate chemotherapy is now available.

1.2 RHEUMATOID DISEASE AND ITS TREATMENT

l.2.1 General aspects

Rheumatoid arthritis poses a particularly important
problem because it is (a) relatively common (10) and (b) may
result in serious, progressive joint damage leading to joint
failure, severe discomfort and loss of independence in

severely afflicted individuals.

The central lesion in rheumatoid arthritis 1s chronic
uncontrolled inflammation, primarily localized to joints but
with evidence of systemic inflammation and varilable
inflammation at non—-articular sites (l1). The inflammation
of joints in rheumatoid arthritis is relatively superficial
and can thus be observed, and to an extent, quantified
(12,13). Moreover, haematological and serological changes
accompanying rheumatoid disease can be monitored
sequentially and normalization of abnormalities 1s one
possible outcome of anti-inflammatory therapy. Most agents
currently used in the treatment of rheumatoid arthritis
exert beneficial effects as assessed by studies comparing
groups of patients receiving different treatments (including
placebo therapy). However, none of the available agents is

beneficial in all patients, and none is able to entirely



suppress rheumatoid disease in more than an occasional

patient.

1.2.2

Anti-inflammatory agents

Anti-inflammatory agents currently used in clinical

practice may be subdivided into the following groups:

Anti-inflammatory cortico-steroids.
Nonsteroidal anti-inflammatory agents (NSAID’S).
Slow—-acting disease remitting anti-inflammatory drugs.

Cytotoxiec agents.

Anti-inflammatory steroids are potent inhibitors of
inflammation. Their use as systemic agents is
associated with serious dose-related unwanted effects,
which generally render their use unacceptable, except
in low doses (l4). Even at low doses (less than 10 mg
per day) adverse effects are reduced rather than
eliminated. Also steroids, while suppressing
inflammation (at least on a short—term basis) may not
retard the destructive effects of rheumatoid
inflammation. (Intermittent intra-articular injections
of depot steroilid preparations has a place in the
treatment of localised joint inflammation.) An
advantage would accrue for the treatment of generalised

polyarthritis, however, if it were possible to target



anti-inflammatory steroids toward tissues/cells upon
which their effects were wanted and to direct them away
from tissues/cells upon which effects of these agents

is undesirable.

Nonsteroidal anti-inflammatory drugs provide pain
relief and reduce the swelling of rheumatoild disease.
They have not been shown to prevent destruction of
joint structures in rheumatolid disease. Unfortunely,
thelr use is associated with a high incidence of upper
gastro-intestinal intolerance (15,16). Both the
anti-inflammatory/analgesic effects and the gastric
irritancy of non-steroidal anti-inflammatory analgesics
appears attributable to their action as inhibitors of

prostaglandin H, synthetase (17).

2
Slow-acting disease-remitting agents, i.e.
anti-malarial agents (18), gold complexes (19,20),
penicillamine (20,21), have striking beneficial effects
in a minority of patients and are of some benefit to
approximately 50% of patients receiving any given
agent. Unfortunately, some patients receive no benefit
from these agents and many patients receiving gold and
penicillamine suffer unwanted effects dictating the
withdrawal of therapy. Anti-malarials are associlated

with infrequent but potentilally serious ocular



toxicity. Gold and penicillamine frequently cause
rashes and mouth ulcers, not infrequently cause
nephrotoxicty (usually reversible) and may cause
potentially life-threatening marrow suppressione. A
further disadvantage of these agents is a requirement
of three to six months of treatment before a response

can be discerned.,

Cytotoxlc agents, e.g. azathioprine, cyclophosphamide,
have been shown to suppress rheumatoid inflammation
(23). Intolerance is common at doses required to
achieve an anti-inflammatory effect. The possible
effects of these agents on reproductive function and
reports of malignancies in some patients receiving
these agents are serious concerns militating against
their use, particularly in younger patients, except in
cases of severe progressive disease not responsive to

other therapiles.

NEW APPROACHES TO THE TREATMENT OF INFLAMMATION

It is apparent from the above that currently available

chemotherapy for rheumatoid arthritis has considerable

short-comings. In attempting to achieve more effective

treatment of rheumatoid arthritis (or other chronic

inflammatory disorders) a number of general approaches may



be taken.

1. Isolation of causative agents, allowing (a) prevention
through vaccination or other measures or (b) treatment
with a specific microbiocidal agent. To date this

approach has met limited success.

2. To identify defects in the modulation or control of
inflammation, either intrinsic or triggered by an
acquired agent, which may be amenable to remedial
action. A most promising area forbthis approach is
offered by two recently described (and inter-related)
pro-inflammatory systems of activated leucocytes: (a)
oxy radical production (24,25,26) and (b) lipoxygenase
pathways of arachidonate metabolism (4). A better
understanding of these systems should lead to the
development of new therapeutic agents with more potent

or novel anti-inflammatory effects.

3. To improve the performance of existing therapies
through improvement of the extent of beneficial effects
relative to unwanted effects. This general approach

may be undertaken in a number of ways:

(a) Chemical modification of existing agents. The

avallability of multiple NSAID’s for clinical use



reflects the application of this approach.
Regrettably, it has proven difficult to dissociate
wanted anti-inflammatory effects from unwanted effects,

particularly gastric irritancy (15,16).

(b) Formation of pro-drugs which are inactive prior to
absorption (thus minimizing upper gastro-intestinal
toxicity) and are subsequently converted to an active

agent in vivo (27).

(¢) Utilization of specific targetting systems
designed to carry drugs to select cells or sites where
drug action i1s wanted, or to better retain drugs at

these sites (28,29).

1.4 0XY RADICALS AND INFLAMMATION

l.4,1 Definition of oxy radicals

The term oxy radical is used to encompass several

reactive oxygen-centred species (30). The oxy radicals

2 ’

ineclude superoxide anion, O and hydroxyl radical, OH ,
which are true radicals, i.e. have an unpalred outer orbital
electron. Also included are hydrogen peroxide, H202, and

singlet oxygen, 102, which, although not true radicals, are

potent oxygen-centred oxidants often produced contemporarily



with the other oxy radicals. In biological systems oxy
radicals are often produced through sequential reactions (to
be described), and are likely to produce composite or
additive effects. Accordingly "oxy radicals" provides a
valuable generic term with which to describe this group of
reactive oxygen-centred species. Ground state molecular
oxygen, 302, has two unpaired outer orbital electrons, and
is thus a di-radical, but is less reactive than the oxy

radicals and is not encompassed by the term.

l.4.2 Oxy radicals and cell metabolism

Cells capable of living in an aerobic environment,
including facultative anaerobes, are endowed with
cytoplasmic enzymes which eliminate superoxide (superoxide
dismutases (SOD)) and hydrogen peroxide (catalase,
peroxidases), whereas strict anaerobes lack these enzymes
(31). Three families of SOD have Been defined: (a)
copper-zinc SOD found in the cytoplasm of eukaryotic cells
(32), (b) manganese-containing SOD found in mitochondria
and procaryotes (33) and (c) iron containing SOD found in
certain bacteria (34). Within each family of S0OD a high
degree of sequence homology is seen between species (35).
The extent of this homology seen with SOD from cells as
widely separate phylogenetically as mammalian cells and
bacteria, highlights the importance of SOD for survival in

oxygen-metabolising cells. Growth of some bacteria in a
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hyperoxic environment induces SOD activity (36). It has
been concluded on the basis of these observations that the
intracellular production of toxic oxy radicals 1s an
inevitable accompaniment of metabolism of oxygen, and that
enzymes are required for the elimination of oxy rgdicals

produced within cells (31).

1.4.3 Leucocyte oxidative burst

Phagocytic cells (polymorphonuclear (PMN) leucocytes
and monocytes/macrophages) are distinctive in that they have
the capacity to secrete superoxide extracellularly and into
phagocytic vesicles through the action of an
externally-oriented surface membrane oxidase (24,25,26).
Intact function of this enzyme is important in defence
against certain bacterial infections, as shown by the
susceptibilities to infection of children with chronic
granulomatous disease who lack leucoéyte surface membrane

oxidase activity (37).

In vitro studies have shown that PMN leucocytes and
mononuclear phagocytes secrete superoxide ions in response
to a number of stimuli, and that superoxide production is
but one of several inter-related metabolic events. The
term "oxidative burst" has been used to encompass these
events comprising (a) increased oxygen uptake, (b) secretion

of superoxide ions by the surface membrane oxidase which
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utilises NADPH as co-factor, (c) increased hexose
monophosphate shunt activity (which replenishes NADPH), (d)
hydrogen peroxide production (either directly or through
spontaneous dismutation of superoxide) (see below) and (e)
chemiluminescence (CL) (24,25,26). Luminol-amplified CL
generated by stimulated PMN leucocytes may be used as a
convenient measure of oxidative burst activity (38).
Factors shown to stimulate the oxidative burst in vitro
include opsonized particles, particulate and soluble immune
complexes, the complement fragment C5a, the synthetic
chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine

(FMLP), and certain lectins and chemicals (39).

PMN leucocytes reach the synovial fluid in large
numbers where they constitute the dominant cell type (40).
Oxy radicals, which are produced during the oxidative burst,
have been shown to degrade hyaluronic acld and reduce the
viscosity of synovial fluid (41), depolymerize DNA (42) and
cause peroxidation of phospholipid membranes (43) and may
thus play an important role in the tissue damage occurring
in inflamed joints and at other sites of inflammation. In
general, agents which stimulate the oxidative burst also
stimulate phagocytosils and degranulation of lysosomes (24).
Thus oxidative burst activity at inflamed sites is likely to
be associated with lysosomal enzyme release. Several

degradative enzymes, e.g. plasminogen/plasmin, collagenase,
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require activation extracellularly (44,45). A possible
effect of oxy radlcal production on mechanisms of activation
of these pro-enzymes in synovial fluid has not been subject
to systematic study. The presence of effective protease
inhibitors in inflamed synovial fluid (46), and other body
fluids may restrict the activity of these enzymes to
secondary phagocytic vacuoles and other "privileged" sites
where these inhibitors are excluded. However, oxy radicals
may be responsible for inactivation of certain protease
inhibitors, for example, through irreversible oxidation of

alpha-1 antiprotease (47,48,49).

l.4.4 Mechanisms of production of oxy radicals

NADPH-oxidase 1s a trans-membrane protein utilizing
intracellular NADPH (supplied by hexose monophosphate shunt
activity) to provide reducing equivalents to effect
monovalent reduction of oxygen (24,25,26). The first
product, superoxide lon, 1s released either into the
extracellular space or into phagocytic vesicles.

0, + NADPH ---=> 0, " + NADP + H
Superoxide disproportionates to hydrogen peroxide and
oxygen, elther spontaneously or more rapidly by enzymatic
dismutation with one of the family of superoxide dismutases
(soD) .
- - +

02 + 02 + 2H -———=> O2 + HZOQ

In vitro hydrogen peroxlde reacts with ferrous 1ons to
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generate the very reactive hydroxyl radical (Fenton

reaction) .

re?¥ 4+ u. 0 ———=> OH  + OH® + Fe

272

3+

In the presence of a superoxide flux, ferric ions produced
in the Fenton reaction are reduced to ferrous ions which can
then agailn react with peroxide to complete a catalytic
cycle.

re3t 4+ 0, ———->  re?t 4 0,
Thus microconcentrations of iron (1 uM or less) in a
sultably available form are sufficient to generate hydroxyl
radicals in the presence of a superoxide lon flux. A

variety of iron chelators including endogenous agents (eege

ADP, ferritin) may support this reaction (50,51).

Non-enzymatic autoxidation of iron has also been shown
to generate OH® or a similar highly -reactive oxy radical
(52,53,54,55), and this reaction 1s supported by
iron-containing proteins such as ferritin, lactoferrin and
transferrin (51,56). Such reactions could occur in vivo and
under conditions of generalised or locally increased iron
deposition (e.g. the inflamed joints of patients with
rheumatoid arthritis) (57,58), and may be further promoted
by the presence of physiologically available reducing agents
(e.g. reduced glutathione and ascorbic acid), which are

capable of reducing iron from the ferrie to the ferrous
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form, followed by the subsequent autoxidation of Fe2+ with

concomitant oxy radical production (59).

The central roles of iron availability/sequestration in
allowing/preventing the production of the most potent
oxidant, hydroxyl radical, dictates that iron be effectively
separated from superoxide ilons in organisms living in an
aeroblc environment. In the early 1960s, Muirden (57)
documented increased iron deposition as ferritin in synovium
from rheumatoid joints and speculated on the possible role
of iron in perpetuating rheumatold inflammation. Blake and
co-workers (60) have recently renewed these speculations in
the light of current theories about the role of irom in
catalyzing generation of oxy radicals in biologilcal

systems.

1.4.5 Oxy radicals and hyaluronate depolymerisation

McCord first demonstrated a reduction in viscosity of
(a) bovine synovial fluid and (b) hyaluronic acid (HA)
solutions following exposure to an enzymatically generated
superoxide flux in vitro (61). Using a simple tube
viscometer, he observed that viscosity reduction was
inhibited by superoxide dismutase, catalase and mannitol,
and suggested that hydroxyl radicals (OH') depolymerize the
polysaccharide components of the synovial fluid. Halliwell

confirmed these findings using HA solutions and demonstrated
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the dependence of the observed reduction of viscosity upon
the presence of iron salts (62). Greenwald and Moy (41)
recently published more detailed studies in which they
showed that exposure of HA solutions to an enzymatically
generated superoxide flux not only reduced the viscosity of
the solutions but also rendered the HA susceptible to
further degradation by lysosomal enzymes. They emphasised
the importance of this finding by stressing the lack of
convincing evidence of the existence of a hyaluronidase
enzyme in pathological joint fluids, in spite of the
frequent finding of reduced synovial fluid viscosity in
inflammatory joint diseases (40,63). They further
emphasised the relevance of theilr in vitro findings to
changes occurring in inflamed joints by documenting a
reduction of viscosity of HA solutions following exposure to
activated PMN leucocytes, and demonstrating impairment of
collagen gelation following exposure of collagen solutions

to an oxy radical flux in vitro (64).

le4.6 Oxy radicals and anti-inflammatory agents

It has been proposed that some anti-inflammatory drugs
may exert theilr therapeutic effects by inhibiting the
production of oxy radicals or by abrogating the effects of
oxy radicals on tissue components. Studies designed to test
this hypothesis have been largely concerned with oxy

radicals produced by intact cells (65,66,67,68,69,70) or
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produced enzymatically by the action of xanthine oxidase
(X0) on its substrate hypoxanthine (HX) or xanthine (66,71).
The XO0/HX system is similar to the surface membrane oxidase
responsible for the secretlon of oxy radicals by PMN
leucocytes in that they are both flavoproteins and produce
superoxide ions as a primary product. This enzymatilc system
accordingly provides a useful experimental model in which
superoxide production, by mechanisms broadly similar to the
superoxide production of PMN leucocytes, can be studied in
isolation from other cellular events. In spite of the
potential biological relevance of non-enzymatic oxy radical
production (outlined above in l.4.4), the influence of
anti-inflammatory drugs on HA degradation by this mechanism
had not been systematically studied prior to the experiments

described in this thesis.

1.4.7 Salicylate, gentisate and oxy radicals

Acetylsalicylic acid (aspirin) and 1its prime
metabolite, sodium salicylate, are among the first agents to
be shown to possess a clinically useful anti-inflammatory
action. Following oral administration, aspirin is rapidly
deacetylated to salicylate (72), the major metabolite of
which is salicylurate (73). Smaller proportions (less than
2%) can be identified in plasma and urine as gentisate (2,5

dihydroxybenzoate)(74).
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Oxidation of salicylate (2-hydroxybenzoate) following
production of hydroxyl radicals in vitro results in a number
of products depending upon the site of the benzene ring
attacked by hydroxyl radicals (75). Gentisate and
2,3-dihydroxybenzoate (but not 2,4- or
2,6-dihydroxybenzoates) have been detected using thin layer
chromatography) following exposure of salicylate in vitro to
an oxy radical flux generated by ascorbate and either oxygen
or hydrogen peroxide in the presence of Fe(III)-EDTA (75).
Diphenol products of salicylate oxidation with an ortho
configuration (presumably 2,3-dihydroxybenzoate) can be
detected spectrophotometrically following chelation with
tungsten (76). This latter assay has been used in the
present studies to examine the effects of anti-inflammatory
agents, anti-oxidants and other reagents of interest on

hydroxyl radical formation and reactivity.

A high performance liquid chromatographic (HPLC) method
has been developed (77) which allows simultaneous assay of
salicylate, salicylurate and gentisate in plasma samples
from patients receiving salicylate therapy. Synovial fluid
gentisate levels have not been reported and studles were
undertaken to determine the degree of correlation between
plasma and synovial fluid gentisate in patients taking
anti-inflammatory doses of aspirin/salicylate. These

studies sought (a) evidence for peripheral conversion of
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salicylate to gentisate which might reflect oxidation of
salicylate by oxy radicals generated in inflamed joints and
(b) to compare plasma and synovial fluid concentrations of
gentisate with concentrations of gentisate shown to possess
an anti-oxidant effect as determined by inhibition of oxy

radical associated chemiluminescence (78).

1.4.8 Effects of oxy radicals on cell metabolism

The way in which endogenous oxidants may influence the
metabolism of host tissues 1is poorly understood. Hydrogen
peroxide is cytotoxic to cells in tissue culture (79) and
has been implicated in leucocyte-mediated destruction of
cultured cells (80,81), although similar conditions may not
necessarily prevail in vivo where catalase and other
potential anti-oxidants are very widely distributed.
Superoxide ions show similar in vitro cytotoxicity, but this
effect can be attributed to derived ﬁydrogen peroxide (being
inhibited by catalase but not by superoxide dismutase)(82).
Degradation of DNA by oxy radicals generated enzymatically
in vitro has been demonstrated (83) but the biological
significance of this observation 1s not clear. The
pathophysiological effects (e.g. on cartilage metabolism) of
hyaluronic acid degradation in inflamed joints, which may be
effected by oxy radicals, remains to be established. Also
of interest is the recent observation of covalent bonding

through dityrosine linkages of immunoglobulin molecules
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isolated from rheumatoid joints (84). Similiar covalently
bonded IgG aggregates can be formed in vitro using a
myelo-peroxidase/hydrogen peroxide system (85). Thus
rheunmatoid inflammation may be amplified or perpetuated by
oxidant—induced formation of immunoglobulin complexes, which
may induce rheumatoid factor production and/or fix
complement, or activate leucocytes (in turn promoting

generation of more oxidants) (85).

Unsaturated fatty acids are particularly susceptible to
oxidation and are oxidised to peroxides and their breakdown
products which may have potent biological properties.

Lipid peroxides and derived lipid alcohols may significantly
alter the physico-chemical properties of cell membranes and
may thus significantly alter a variety of essential cell
functions. Lipid peroxides also significantly influence
arachidonate metabolism (these effects are discussed in the

next section).

1.5 AKACHIDONATE METABOLISM AND INFLAMMATION

Arachidonate derivatives, e.g. prostaglandins (PGs) and
leukotrienes (LTs) are established as important mediators of
inflammation. Pathways leading to the formation of PGs and
LTs and their relevant pharmacological actions will be
reviewed, with particular reference to possible effects of

leucocyte surface membrane NADPH-oxidase activity on PG and
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LT productione.

1.5.1 Synthesis of Prostaglandins

Arachidonate release results from the action of the
enzyme phospholipase A2 upon phosphatidyl choline (86).
Arachidonate so released may be further metabolised by one
of two pathways, the pivotal enzymes of which are (a)
cyclo-oxygenase (PGH2 synthetase), and (b) several specific

lipoxygenases.

Cyclo-oxygenase converts arachidonate to the
endoperoxide PGH2 from which (a) the stable prostaglandins,
(b) thromboxane and (c¢) prostacyclin, are derived. This
synthetase appears to have two enzymatic sites exhibiting
two distinct enzymatic activities in the one discrete
protein (87,88,89). The two activities are cyclo-oxygenase
activity and a peroxidase activity. " The cyclo-oxygenase
activity results in formation from arachidonate of the
hydroperoxy-endoperoxide derivative, PGGZ. The peroxidase
activity reduces lipid hydroperoxides (ROOH) to lipid
alcohols (ROH). This enzyme thus converts PGG, to the

2

hydroxyendoperoxide PGH an essential precursor of the

2,
stable prostaglandins. The cyclo-oxygenase enzyme requires
the presence of small quantities (10—8 M) of a lipid

peroxide for its activation and to maintain its activity,

whereas higher concentrations of 1lipid hydroperoxides may
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inhibit enzyme activity. Lands has put forward the concept
of "peroxide tone" based on this small, but critical
requirement by prostaglandin synthetase (and lipoxygenase)
for 1lipid peroxide (90,91,92). Under normal physiologilcal
conditions peroxidase activity (which may include
glutathione peroxidase) suppresses peroxide levels below
this critical level and prostaglandin synthesis does not
proceed. Following activation of leucocyte NADPH-oxidase,
hydrogen peroxide is generated and thus favours the
formation of 1ipid peroxides. Accordingly, activation of
NADPH-oxidase may initiate arachidonate metabolism.
Furthermore, by depleting co-substrates (e.g. glutathione)
for hydroperoxide eliminating peroxidases (92),
NADPH-oxidase may contribute to maintenance of lipid
peroxide levels that are required for arachidonate
metabolism. Furthermore, hydrogen peroxide which is a
relatively stable uncharged oxidant ‘and not ionised at
physiological pH, may diffuse to other cells, initiate 1lipid
peroxidation and thereby act as a chemical messenger
effectively inducing arachidonate metabolism in adjacent

cells,

1.5.2 Prostaglandins and inflammation

The importance of prostaglandins, produced through
cyclo-oxygenase action, in inflammation was established in

the early 1970s through the classic studles of Vane who
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correlated the anti-inflammatory, antipyretic and analgesic
effects of aspirin with prostaglandin synthetase
(cyclo-oxygenase) inhibition (17). Of the first identified
biologically active prostaglandins (e.g. PGE,, PGFZ-alpha)’
PGE2 seemed especlally likely to be an important medliator of
inflammation through vasodilatory effects and potentiation
of nocioceptive and oedema-inducing effects of kinins and
histamine (5). PGE2 also has important effects in mediating
bone resorption (93) and influences remodelling of
connective tissues (94). The presence of PGE2 in rheumatoid
joints (95) and synthesis of PGE2 by phagocytic cells (96)
and synovial explant cultures (45) has been demonstrated.
More recently, two arachidonate derivatives with important
and antagonistic roles in the maintenance of vascular
integrity have been described : (a) thromboxane A2 produced
by platelets and a promoter of platelet aggregation and
vasoconstriction; (b) prostacyclin QPGIZ), produced by
endothelial cells, an inhibitor of platelet aggregation,
(and disaggregator of aggregated platelets), and a potent
vasodilator. Both thromboxane and prostacyclin are
produced by cells found outside the vascular compartment at
sites of inflammation e.g. macrophages, and effects on

inflammation additional to their effects on platelets and

vascular smooth muscle are possible (97).
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1.5.3 Synthesis of leukotrienes

The lipoxygase enzymes oxygenate arachidonic acid to
form hydroperoxides at positions dictated by thelr specific
activities (4). Specific hydroperoxides may either (i) be
reduced (spontaneously or through peroxidase action) to
mono-hydroxy-elcosatetraenoic acids (mono-HETEs), or (il) be
metabolized enzymatically to an epoxide. In PMN leucocytes
the dominant lipoxygenase is a 5-lipoxygenase and its
product 5-hydroperoxy eicosatetraenoic acid, (5-HPETE), is
converted to 5-HETE and a 5,6 epoxide derivative,
leukotriene A4 (LTAA). In PMN leucocytes, LTA4 is converted
by a hydrolase to 5(S),12(R) diHETE (LTBA). In some cells
(e.g. PMN leucocytes, mononuclear phagocytes, mast cells),

LTA, is converted by glutathione-S-transferase to the

4
sulphido-peptide leukotriene LTC4 which may be further
metabollsed to LTD4 and LTEA. Significantly, in activated
PMN leucocytes the 5-lipoxygenase pathway is consliderably
more active than the cyclo-oxygenase pathway, and mono-HETEs

and leukotrienes are the dominant arachidonate derivatives

(98).

Soybean l5-1ipoxygenase like cyclo-oxygenase has been
shown to require the presence of 1lipid hydroperoxildes for
activity (99). If this requirement for 1lipid hydroperoxides
exists for the cytosolic lipoxygenases of leucocytes, a

functional link may also exist between these enzymes and the
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oxyradical-producing leucocyte surface membrane oxidase
whose action may result in the formation of (1lipid)

peroxides.

1.5.4 Leukotrienes and inflammation

The leukotrienes are potent pro-inflammatory substances
with activities at concentrations as low as 10—10 M. LTB4
is a potent PMN leucocyte chemotaxin and also mediates PMN

leucocyte aggregation and to a lesser extent degranulation

(100). LTC4 and LTD4

muscle and are potent bronchial constrictors and (b) cause

(a) induce constriction of smooth

oedema through a direct effect on post-capillary venular
permeability (i.e. possess slow reacting substance, SRS-A,

activity) (101).

Important synergism may exist between effects of
cyclo-oxygenase and lipoxygenase pr&ducts at sites of
inflammation. For example, the potent vasodilatory effects
of PGI2 and PGE2 may potentiate oedema medlated by increased
vascular permeability qffected by LTC4 and LTD4 (102). This
potentiation may be particularly Important as these
leukotrienes have vasoconstrictor effects, albeit at higher

concentrations than required for theilr effects on vascular

permeability.
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1.5.5 Corticosteroids and arachidonate metabolism

Anti-inflammatory corticosteroids induce the synthesis
by PMN leucocytes and macrophages of a peptide inhibitor
(macrocortin, lipomodulin) which inhibits the action of
phospholipase A2 (103,104). This enzyme catalyses the
release of arachidonate (and other polyenoic acids) located
at the 2-position of phosphatidyl choline and is thus
pivotal in providing precursor molecules for the
prostaglandin and leukotriene producing pathways (86,105).
The anti-inflammatory effects of corticosteroids may thus be
explained by inhibition of both prostaglandin and
leukotriene production through inhibition of phospholipase
A2 activity. 1In addition to limitations resulting from
unwanted effects of steroids, the value of steroids as
anti-inflammatory agents for rheumatoid disease is also
mitigated by return of disease activity after several months
of therapy at a constant sterold dose or severe exacerbation
of disease upon attempted dose reduction. The basis for
these effects is not well understood but may be related to
alterations in sterold receptor expression (106,107) and/or
increased activity of other enzymatic pathways leading to

arachidonate release (108,109).

1.5.6 Actions for novel agents

The development of novel therapeutic agents with

actions as (a) inhibitors of synthesis of pro-inflammatory
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leukotrienes or (b) leukotriene antagonists, should provide
an advance in the treatment of chronic inflammatory
disorders, provided that beneficial effects can be acheived
without unacceptable unwanted effects. The potential
advantages are highlighted by animal studies showing
enhancement of leucocyte migration to inflamed sites by
therapy with indomethacin and other NSAIDs at doses
sufficient to suppress PG synthesis by more than 90% (110).
This increase in leucocyte numbers was inhibitable by the
lipoxygenase inhibitor BW755C, implying that production of
chemotaxins by lipoxygenase pathways may be increased in the

"presence of certain concentrations of NSAIDs.

Agents which act to reduce ambient levels of 1lipid
peroxides (e.g. by scavenging free radicals) could
conceivably inhibit both PG and LT synthesizing pathways if
delivered to inflamed sites in sufficient concentrations. A
better understanding of mechanisms of production and
reactivity of oxy radicals in inflamed tissues is one step

in the development of this approach.
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1.6 SUPEROXIDE DISMUTASE (SOD)

1.6.1 Anti-oxidant and anti-inflammatory effects of

superoxide dismutase.

Cells living aerobically possess intracytoplasmic
enzymes (e.g. superoxide dismustase, catalase) which
eliminate oxy radicals (31) (see 1l.4.2). However, extra
cellular fluids possess relatively little SOD or catalase
activity (1l11). Thus superoxide secreted by phagocytic
cells may result in damage to connectilve tissue
macromolecules and surrounding cells, Accordingly, SOD in
'a suitably available form, might be able to abrogate the
damaging (pro-inflammatory) effects of leucocyte-derived oxy
radicals, The effectiveness of thilis approach depends upon
the extent to which oxy radical-induced damage is dependent
on the presence of superoxide ions acting either as direct
toxins or indirectly through production of hydroxyl radicals
by a superoxide-driven Fenton reaction. By contrast,
damage mediated by hydrogen peroxide (a product of
superoxide dismutation) or oxidant products of the hydrogen
peroxide-myeloperoxide system (e.g. hypochlorite ions)

should not be influenced by this approach (24,25).

1.,6.2 Therapeutic administration of SO0D

SOD has a very short plasma half time (4-6 minutes) and

exogenous SOD has little anti-inflammatory effect unless
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given in multiple doses over short periods (l112). Attempts
to improve the bio-avallability of S0D have involved
conjugation of SOD to macro-molecular carriers, e.g. ficoll,
dextran, polyethylene glycol (113). McCord has shown that
SOD in these conjugated forms has prolonged plasma retention
and enhanced anti-inflammatory effects. Catalase conjugated
to these carriers had negligible anti-inflammatory effects.

Effects of enzyme-free carriers were not reported.

l1.6.3 Orgotein

An independent line of investigation has described the
"use of a protein isolated from bovine liver, orgotein, now
known to be copper zinc superoxide dismustase, in the
treatment of a variety of human disorders. Diseases for
which beneficial effects of orgotein have been claimed
include osteoarthritis (114,115), rheumatoid arthritis
(116), multiple sclerosis (115) and radiation cystitis
(117,118). Unfortunately these studies, in general, have
been poorly designed and do not allow a meaningful
evaluation of the claimed therapeutic effects. However,
these studies and studies in animals (119) do seem to
indicate that orgotein is well tolerated when given by
repeated injection intramuscularly, intravenously,

intra—-articularly and even intrathecally.
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l.6.4 Soluble macromolecular protein polymers

Remy and Poznansky have developed a system in which
heteroenzymes may be conjugated to homologous albumin in
excess to form soluble crosslinked polymers with prolonged
retention of enzymatic activity and negligible
immunogenicity (120). Adaptation of this method to prepare
bovine liver SOD and rat albumin conjugates for studies in
rats will be deseribed in this thesis. Studies included
assessment of retention of conjugates and free enzyme in
plasma and pleural spaces, anti-inflammatory effects and

immunogenicity.

1.7 LIPOSOMES

1.7.1 General properties

Liposomes are lipid spherules formed by dispersion of
phospholipids in aqueous media (121). These multilamellar
bodies, which vary in size upto several microns in diameter,
are reduced by high energy sonication to unilamellar
vesicles of relatively uniform diameter (20-50 nm) (122).
The vesicles comprise an outer lipid bilayer surrounding an
inner aqueous space. Drugs can be incorporated into the
vesicles either as solutes in the inner aqueous space or, in
the case of lipophilic substances, as components of the
lipid bilayer (29,123). Incorporation of water soluble
drugs is relatively inefficient since less than 27 of a

solution in which liposomes are dispersed becomes entrapped



30

within vesicles. Capture of lipophilic substances within
the bilayer is far more efficient (100% for highly
lipophilic substances) and there is little tendency for
lipophilic drugs to leak from vesicles during storage (a
problem occuring with liposomes entrapping water soluble and

amphipathic compounds).

1.7.2 Liposomes as drug carriers

Liposomes are biodegradegble and readily metabolised
and accordingly have attracted much attention as potential
carriers of drugs for systemic use (29,123). Because
‘liposomes are particulate in nature, they become
concentrated in cells with well developed phagocytic
function, such as the mononuclear phagocytes of the liver
and spleen (124,125,126). The use of liposomes as a drug
delivery system accordingly seems most promising in the
treatment of those diseases in which the affected tissues
have a highly developed phagocytic function. This
contention is supported by in vitro studies of Weissman et
al (127) showing markedly enhanced delivery of enzymes to
enzyme-deficient phagocytes following encapsulation of
enzymes in immunoglobulin-coated liposomes. In vivo
therapeutic trials, comparing free and liposome—encapsulated
antimony salts in the treatment of experimental
leishmaniasis have also confirmed this expectation

(128,129,130). Inflamed tissues are also rich in phagocytic
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cells (e.g. macrophages and polymorphs). Therefore liposome
encapsulation of anti-inflammatory drugs might limprove their
localisation in inflamed tissues, thereby enhancing their

therapeutic effects.

1.7.3 Cortisol palmitate liposomes

Cortisol and related sterolids have potent
anti-inflammatory activity. Unfortunately, these effects
are accompanied by serious dose-related toxic effects which
essentlally restrict the use of steroids as
anti;inflammatory agents to potentially life-threatening
diseases, characterised by inflammation without infection.
Shaw et al (131) have shown that the palmitate ester of
cortisol forms stable liposomes with dipalmitoyl
phosphatidyl choline (DPPC). These liposomes were shown to
have enhanced anti-inflammatory effects, compared to free
cortisol, when injected directly into the knees of rabbits
with an experimentally-induced arthritis (132). Prior to
the studies described in this thesis the anti-inflammatory
effects of cortisol palmitate liposomes given systemically

had not been studied.
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1.8 ANIMAL MODELS OF INFLAMMATION

1.8.1 General aspects

Although rheumatoid arthritis is sufficiently
quantifiable to allow meaningful assessment of
anti-inflammatory effects of chemotherapeutic agents, animal
models of inflammation are required for:

a) In depth studies of mechanisms of inflammatilon.

b) Evaluation of effects of agents on specific aspects of
inflammatory responses.

¢) Preliminary assessment of efficacy and toxleity of novel

agents,

Also animal studies allow control of variables such as
genetic background, nutrition, stage of disease, initial
severity of disease, which diminish the power of clinical

studies.

Several animal models of inflammation are available.
No single model closely mimics rheumatoid disease.
Individual models are sulted for assessment of certain
aspects of inflammatory responses and most information is
achieved by using several models to yield complementary
information. A brief description of some models and thelir

advantages and shortcomings is outlined below.
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1.8.2 Paw oedema in rats

Paw oedema is useful for assessing inhibition of
swelling associated with acute inflammation (133). This
model allows short—-term observation of swelling, typically
upto 4 hours after the injection of an irritant, e.g.
carageenan. This model is sensitive to PG-inhibiting
nonsteroidal anti-inflammatory drugs and anti-inflammatory

steroids.

1.8.3 Subcutaneous sponge implants in rats

Tissue responses can be induced using a number of
irritants taken up into sponges prior to implantation (e.g.
tuberculin, carrageenan)(1l34). The sponge provides a
framework into which fluid exudate accumulates and
inflammatory cells migrate, and allows quantitation of the
fluid and cellular component of an inflammatory response.
Inflammatory responses can be studied at different times,
from an acute response at 1 or 2 days through to a
reparative stage at 7 days or more. Generally the sponges
are removed 4 to 5 days after implantation at a late acute

inflammatory, early reparative stage.

1.8.4 Irritant—induced pleurisy in rats

Pleural responses can be induced by injection of
irritant e.g. carrageenan (135). This model has been used

to assess the cellular component of acute inflammatory
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responses, particularly the early phase (first few hours)
of acute inflammation. (In our experience variability of
cell migration within experimental groups limits the utility

of this model).

1.8.5 Adjuvant disease in rats

Adjuvant disease is a polyarthritis with systemic
features induced in rats by intradermal injection of a

heat-killed arthritogenic bacterium (e.g. M tuberculosis)

dispersed in a suiltable oily vehicle (i.e. a Freund’s
Complete Adjuvant) (136) . Evaluation includes assessment
" of overall disease activity (joint score) and measurement of
blood values, which reflect systemic effects of inflammatory
disease. The polyarthritis develops approximately 10 days
after the inducing injection. The time of onset of the
disease, its severity, and the late (chronic) less
inflammatory stage can be examined. The major shortcomings
of this model are variability of disease severity within
treatment groups and striking differences between rat
strains as regards both disease severity and responses to
treatment (which may limit the generality of findings to the

rat strains studied) (136,137).

1.8.6 Knee joint synovitis in rabbits

Synovitis is induced by injection of an irritant (e.ge

carrageenan (138)), or an antigen (e.g fibrin (139),
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ovalbumin (140)), to which the rabbit has previously been
sensitised. A synovitis, resembling rheumatoid synovitis
histologically can be induced but responses vary from animal

to animal and quantitation 1s difficult.

1.9 OUTLINE OF STUDIES

The studies to be described were designed to (a)
acheive a better understanding of the role of oxy radicals
in inflammation and (b) explore novel methods designed to
Iachieve better control of inflammation. The following

studies were undertaken:

l. Demonstration of oxy radical producing oxidative burst
activity of leucocytes isolated from inflamed joints of
patients with rheumatoid arthritis (and other

inflammatory arthropathies).

2. Studies examining the mechanisms of production of (i)
enzymatically-derived and (i1) non enzymatically-derived
oxy radicals using (a) depolymerisation of hyaluronate

and (b) hydroxylation of salicylate.

3, Studies of the effects of established anti-inflammatory
agents and of potential therapeutic (anti-oxidant)

agents on oxy radical production and reactivity in the
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above systems.

Studies of synovial fluid concentrations of gentisate, a
minor salicylate metabolite with potent anti-oxidant

properties in some in vitro systems.

Studies of the anti-inflammatory effects of SOD (which
eliminates the prime oxy radical product of activated
leucocytes). These studies include (a) assessment of
the anti-inflammatory action of SOD, (b) attempts to
improve the bio-availability of SOD through formation of
macro-molecular SOD conjugates, and (c) assessment of

the immunoreactivity of these conjugates.

Studies of a drug carrier system (liposomes)
incorporating a long chain fatty acid ester of cortisol
designed to better deliver cortisol to phagocytlc cells

(leucocytes) at an inflammatory focus.
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CHAPTER 2

CHEMILUMINESCENCE OF POLYMORPHONUCLEAR LEUCOCYTES

FROM RHEUMATOID JOINTS

2.1 INTRODUCTION

-+« The oxidative burst of stimulated PMN leucocytes
comprises increased oxygen uptake, generatlion and secretion
of superoxide ions and hydrogen peroxide, increased
hexosemonophosphate shunt activity and chemiluminescence
(cL) (24,25,26). Luminol-amplified CL generated by
stimulated PMN leucocytes can be used as a convenient
measure of oxidative burst activity (38). Studies were
undertaken to examine chemiluminescent responses of
peripheral blood and synovial fluid PMN leucocytes following

stimulation with complement opsonized zymosan.

2.2 PATIENTS AND METHODS

2,2.1 Patients

Blood and synovial fluid samples were obtained
contemporaneously from each of twenty-two patients with
active synovitis and joint effusions. Eighteen patients had
RA, one monoarthritis of the knee, one psoriatic arthritis,

one juvenile onset polyarthritis with sacro—-illiitis and one
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Reiter’s disease. Blood samples were also obtained from
four healthy laboratory personnel, and non-inflammatory

synovial fluid from three patients with osteoarthritis.

2.2.2 Isolation of PMN leucocytes

Synovial fluid and blood samples were collected
simultaneously into 10 ml plastic tubes containing lithium
heparin (125 international units). Peripheral blood PMN
leucocytes were purified using a single-step Ficoll-Hypaque
technique (l41). Briefly, whole blood was layered onto a
 Ficoll-Hypaque medium of density 1.114 grams per litre in 10
ml plastic tubes and centrifuged for 30 minutes at 200g.

The PMN leucocyte band was removed and suspended in calcium-
and magnesium-free phosphate buffered saline (PBS),
(Dulbecco’s formula, Flow Laboratories, Stanmore, N.S5.W.,
Australia). Synovial fluid was diluted 1:1 in PBS and
centrifuged at 200g. The leucocyte-containing pellet was
resuspended in PBS. Undiluted cell-free supernatants were
retained for studies on the effects of autologous synovial

fluids upon PMN leucocyte CL.

Following these initial isolatlion steps, either the
synovial fluid or peripheral blood leucocyte pPreparations
were then washed 3 times in PBS. When hypotonic lysis was
required for one of the preparations, the same procedure was

carried out on the other, whether necessary or not.
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Differential counts performed with Turk’s staln showed that
greater than 95% of the peripheral blood leucocyte
preparations were PMN leucocytes and over 70% of the

synovial fluid leucocytes were PMN leucocytes,

Final suspensions of synovial fluid and peripheral
blood PMN leucocytes were made in Dulbecco’s complete buffer
(DCB) (Dulbecco’s phosphate buffered saline, complete
formula, Commonwealth Serum Laboratories, Melbourne,
Australia) supplemented with 1% foetal calf serum (FCS)

. (Flow Laboratories). Leucocyte counts were performed using
a Coulter S counter and the stock suspensions adjusted to 1

X 106 cells per ml.

2.2.3 Preparation of opsonized zymosan and zymosan

activated plasma

Zymosan A (Sigma Chemical Company, St. Louis, MO.) 20
mg was added to 2 ml normal saline, heated for 10 minutes in
a boiling water bath and centrifuged for 7 minutes at 200g.
The pellet was resuspended in 5 ml of 100% autologous plasma
and incubated for 30 minutes at 37°C. Zymosan was then
sedimented and washed in DCB. A final suspension containing

10 mg per ml of opsonized zymosan, was made in 2 ml of DCB.
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2.2.4 Preparation of chemiluminescence medium

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)
(Sigma Chemical Co.) 17.7 mg was dissolved in 0.5 ml of IM
KOH, then diluted with 9.5 ml distilled water to achieve a
stock solution of 10 mM. 100 ul of glucose (200g per litre)
and 20 ul of the 10 mM luminol solution were added to 1 ml
of medium-199 (10 x concentrate, Flow Laboratories).
Following dilution with distilled water to a volume of 10

ml, the pH was adjusted to 7.3 by addition of 0.1 M KOH.

2.245 Chemiluminescence assay

CL was measured in a thermostatically controlled
luminometer (Packard Pico-lite) at 37°C for up to 1 hour.
For each measurement, 125 ul of synovial fluid or peripheral
blood PMN leucocyte suspenslon was placed in a 6 x 50
millimeter disposable borosilicate glass culture tube
(Kimble) to which 125 ul of CL medium was added. The
maximum CL value obtained from these additions is referred
to as the basal CL, and the maximum CL value resulting from

the addition of opsonized zymosan 1is referred to as CLmax'
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2.3 RESULTS

A typical trace showing basal CL and the CL response of
PMN leucocytes to opsonised zymosan is shown in Figure 3.3
The basal CL generated by peripheral blood PMN leucocytes
was significantly less than that generated by synovial fluid
PMN l¢ucocytes (Figure2l). The CLmax obtained with
peripheral blood PMN leucocytes was slightly greater than
the CLmax of synovial fluid PMN leucocytes (Figured3d). As
there was potentially a difference of up to 25% in the PMN
leucocyte content of synovial fluid and peripheral cell
suspensions, correction for the PMN leucocyte content of
synovial fluid cell suspensions would have served to
exaggerate the observed differences in basal CL and reduce
the observed differences in the CLmax'

In order to determine whether exposure of peripheral
blood PMN leucocytes to Ficoll-Hypaque gradient
centrifugation accounted for these differences, synovial
fluid PMN leucocytes were subjected to this procedure. No
significant change in basal CL was observed (palred t test,
p>0.2, n=6). In all subsequent studles, synovial fluid PMN
leucocytes were separated by dilution and centrifugation as

deseribed above.



- cpm X 105

CL

Figure 2l
peripheral blood and synovia
patients.

2.0

1.0

0.5

42

The unstimulated baseline CL (counts/min) of
1 fluid PMN leucocytes from 22
Lines join data points obtained with palred

samples from individual patients.
shown, error bars indicate + SEM.
test,

p < 0.001.

Means from each group are
Statlsties by paired t



43

1.4}
CLmOl
1.2+
1.0} OPSONIZED
ZYMOSAN

o
o0
T

o
o

CHEMILUMINESCENCE -cpm x 10°
(@]
b

o
X

0 S 10 15 20 25 30
MINUTES

Figure 2.2. A typlcal CL respomnse of peripheral blood PMN
leucocytes following stimulation with opsonised zymosan
added at time 0. The peak CL (CL )(counts/min) occurred
at 10min., Similiar responses were Xeen with synovial fluid
PMN leucocytes.
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synovial fluid PMN T%ﬁcocytes from 19 patients following
stimulation with opsonised zymosan. Lines join data points
obtained with paired samples from individual patients.
Means for each group are shown, error bars indicate + SEM.
Statistics by paired t test, P < 0,001. -
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To analyse the possible influence of synovial fluid in
causing the differences observed between the responsiveness
of peripheral blood and synovial fluid leucocytes, PMN
leucocytes isolated from peripheral blood of (a) a patient
with RA and (b) a healthy subject, were incubated with the
synovial fluid of the patient. In both instances, there was

a marked increase in the basal CL (Table 1).

Non-inflammatory (osteoarthritic) synovial fluid
displayed no stimulatory activity when tested with
peripheral blood PMN leucocytes with RA or healthy subjects.,
These non-inflammatory fluids did not yield sufficient
cells to allow the funection of their cellular constituents

to be studied.
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TABLE 2.1

Efféect of inflammatory synovial fluld on CL of peripheral

blood PMN leucocytes from a healthy subject and a patient

with rheumatoid arthritis

Healthy subject RA subject-
Before After Before After
Baseline C 1.7 4002 307 45 0
(cpm x 107)
l.1 0.9 0.6 0.7

Lmax 6
(cpm x 107)

(with opsonised zymosan)

Leucocyte CL was measured before and after incubation with
synovial fluid for 1 hour. After incubation the cells pere
washed and resuspended in Dulbecco’s + 1% FCS at 1 x 10
cells/ml.
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2.4 DISCUSSION

This study demonstrates the competence of leucocytes
isolated from inflamed joints to mount an oxidative burst as
determined by CL generation in response to stimulation with
serum opsonised zymosan particles. Leucocyte CL responses
have been correlated with surface membrane oxildase activity
(38) but are only partly inhibitable (approx. 50% ) by SOD
(142,143)., CL generation is also seen in association with
activity sub-cellular isolates of arachidonate metabolising
enzymes (l44) and arachidonate metabolism may contribute to

CL responses of activated leucocytes (1l45).

Basal CL was found to be greater with synovial fluid
leucocytes than for peripheral blood leucocytes. The
preliminary studies undertaken show enhancement of basal CL
following incubation with inflammatory synovial fluid but
not with non-inflammatory synovial fluids. Subsequently,
these studies have been confirmed and extended (146).

These later studies show greater CL generation by synovial
fluid PMN leucocytes than peripheral blood PMN leucocytes
upon incubation with heat aggregated Iimmunoglobulin G (a
model system for soluble immune complexes). This increased
responsiveness to aggregated IgG could be induced in

peripheral blood leucocytes by preincubation with the
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synthetic chemotactic peptide, formyl-methionyl-

leucyl-phenylalanine (FMLP), at concentrations of 10_10 to

lO_8 M. These concentrations are within the window of
concentrations of FMLP associated with chemotactic activity
(147) and are lower than concentrations of FMLP required to
stimulate PMN leucocyte oxidative burst activity directly
(146,148). These later findings suggest that chemotaxins
or other membrane perturbating agents present at critical
concentrations within synovial fluid could act

synergistically with immune complexes to stimulate leucocyte

oxidative burst activity in vivo.

2.5 SUMMARY

These studies show (a) competence of synovial fluid
leucocytes to generate an oxidative burst, (b) increased
basal CL of synovial fluid leucocytes compared to peripheral
blood PMN leucocytes, possibly resulting from effects on
leucocytes of factors present in inflammatory synovial

fluid.
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CHAPTER 3

PRODUCTION OF OXY RADICALS AND EFFECT OF METAL CHELATORS,

ANTI-OXIDANTS AND ANTI-INFLAMMATORY AGENTS I:

HYDROXYLATION OF SALICYLATE
r

3.1 INTRODUCTION

This chapter describes the influence of (1)
anti-inflammatory drugs (ii) iron concentration and valency,
and (1ii) metal chelators, on systems monitoring oxy radical
reactions in the presence of oxy radicals produced (a) |
enzymatically by the xanthine oxidase/hypoxanthine (XO0/HX)
system and (b) chemically by the autoxidation of ferrous
iron. The role of OH®° as the proximate reactive species in
these two systems was determined using known OH® scavengers,
and the possible role of superoxide anions and hydrogen
peroxide as intermediate speciles in the formation of OH® was
determined using superoxide dismutase and catalase.
Hydroxylation of saliecylate to 2,3 dihydroxybenzoic acid was

used as an OH'-detecting system.,
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3.2 MATERIALS AND METHODS

3.2.1 Materials

Xanthine oxidase (Grade III from butter milk),
superoxide dismutase (SOD) (type I from bovine blood),
catalase (from bovine liver) and hyaluronic acid (Grade III
from human umbilical cord) were obtained from Sigma Chemical
Corp., St. Louis, MO. The fbllowing compounds were
generously donated: gold sodium thiomalate (May & Baker
Aust. Pty. Ltd., Footscray, N.S.W.), indomethacin (Merck
Sharp & Dohme (Aust) Pty. Ltd., South Granville, N.S.W.) and
penicillamine (Lilly Industries Pty. Ltd., West Ryde,
N.S.W.). Heparin was obtained from Allen and Hanburys
(Glaxo Aust. Pty. Ltd.), Boronia, Victoria. All other
chemicals were of the highest purity available from Sigma,

or Ajax Chemicals, Sydney, Australia.

3¢2.2 Methods
Superoxide dismutase was assayed by the inhibition of

ferricytochrome C reduction by 02 generated enzymatically

(32).

The salicylate hydroxylation experiments were performed
using a modification of the method of Halliwell (76). 1In
the autoxidation system, a 1 ml reaction mixture contained

sodium salicylate (concentration range 0 to 5 mM), 5 mM
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ferrous sulphate and 20 mM EDTA (unless otherwise stated)
and test reagents at specifled concentratiomns, in 0.1 M

KZHPO4
addition of the Fe2+/EDTA solution. With the enzymatic

at pH 7.4. The reaction was initiated by the

system the 1 ml reaction mixture contained 2.5 mM sodium

salicylate, 100 uM FeSO,, 300 uM EDTA, 10 aM hypoxanthine in

4°
0.1 M KZHPO4 at pH 7.4. The reaction was initiated by the
addition of 10 ul of 30 units/ml xanthine oxidase. 1In both
systems, the reactlon mixtures were Iincubated for 60 minutes
at 25°C and the reactions were terminated by the addition of
10 ul conc. HCl. The reaction products were extracted into
3 ml diethyl ether. The recoveries from the ether
extraction were greater than 907, and 5% of the original
total salicylate was hydroxylated to 2,3 dihydroxybenzoic
acid. An aliquot of the upper layer was removed and
evaporated on a water bath at 50°C, and the residue
dissolved in 1 ml water. This solution was then acidified
with 0.5 ml of 0.5M HCl containing 80 mg/ml trichloroacetic
acid, followed by 1.0 ml of 10% sodium tungstate and 1.0 ml
of 0.5% NaNOz. After 5 minutes, 2 ml of 0.5M KOH was added
and the absorbance at 510 nm was measured. Increased

absorbance is proportional to increased formation of 2,3

dihydroxybenzole acid which complexes with tungstate,
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3.3 RESULTS
3.3.1 Hydroxylation of salicylate by the autoxidation

of Fe’T/EDTA

Hydroxylation of salicylate was founi}to be dependent
on the concentration of ferrous ilons in tﬁe range 0.63 - 5.0
mM, at a fixed Fe2+/EDTA ratio of 1:4, and to be dependent
on the salicylate concentration in the range 0-10 mM (Figure
3.1). There was no significant dependence on Fe
concentration below 0.63 mM. A ratio of Fe:EDTA of 1:4
produced maximal hydroxylation and was therefore chosen for
all subsequent experiments. As the degree of hydroxylation

decreased with time after preparation of the Fe2+/EDTA stock

solution, freshly prepared solutions were always used.

Partial deoxygenation of solutions by displacement with
nitrogen resulted in approximately 50% inhibition of
hydroxylation. When Fe3+ (as FeC13) was substituted for
Fe2+, there was only partial hydroxylation (9%) as shown in
Table 3.1. Superoxide dismutase was without effect, and

catalase produced minimal inhibition of hydroxylation (Table

3.2).
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3.3.2 Hydroxylatlon of salicylate by the xanthine

oxidase/hypoxanthine system

Table 3.1 shows that the enzymatlc system only
hydroxylates salicylate efficiently in the presence of trace
amounts of Fe2+/EDTA chelates, Increasing the Fe2+/EDTA
concentrations to 300 uM/900 uM had no significant effect on
hydroxylation. When Fe2+ was replaced by 100 uM Fe3+ (as
FeC13), hydroxylation was similar to the control value,
indicating that although hydroxylation by the enzymatic
system requires the presence of iron, both the ferrous or
ferric oxidation states are active. This suggests a
catalylc function for iron in thils system. Hydroxylatilon
was markedly inhibited by SOD and catalase (Table 3.2)
indicating that both superoxide l1oms and hydrogen peroxide

or thelr secondary oxidation products are the hydroxylating

species in thilis system.
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Figure 3.l. Hydroxylation of salicylate by autoxidation
system (measured,Spectrophotometrically by igcrease in OD at
510nm) with increasing concentrations of Fe (}¥dicated in
mM for each curve) at a fixed molar ratio of Fe“ :EDTA of
1:4.
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TABLE 3.1

Effect of iron salts on salicylate hydroxylation

Hydroxylation
Experimental conditions (% of control)
- XO0/HX + XO0/HX
Autoxlidation system
2+
5 mM Fe“ /20 mM EDTA 100 -
5 oM Fe /20 mM EDTA 9 =
Enzymatic system
100 uM Fe?¥/300 uM EDTA 3 100
300 uM Fe?T/900 uM EDTA 3 92
100 uM Fe>¥/300 uM EDTA 3 95
No Fe/EDTA = 17

In autoxidation experiments, hydroxylation of 5 mM
salicylate measured in the presence of 5 mM Fé2+ and 20 mM
EDTA is taken as the control value. In enzymatic system,
hydroxylation of 2.5 mM salicylate in the presence of 100 uM
Fe2+, 300 uM EDTA, 10 mM hypoxanthine and 0.3 units/ml

xanthine oxidase is taken as the control value.
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TABLE 3.2

Effect of SOD and catalase on salicylate hydroxylation

Enzyme Concentration Percentage inhibition of
(units/ml) hydrgkylation
2+
Fe” /EDTA X0/H¥
SoD 5 0 46
10 1 69
20 4 77
400 3 82
*

1000 2 -
Catalase 10 8 43
20 10 61
400# 12 72
1000 20 -

= 0.3 mg/ml protein

L. 0.03 mg/ml protein

Inhibition of hydroxylation was computed by subtraction of
experimental values (obtalned in the presence of specified
quantities of SOD or catalase) from the control values

(obtained in the absence of these enzymes), expressed as a

percentage of the control values.
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3.3.3 Hydroxylation time course

Figure 3.2 shows that after sixty minutes incubation,
the final hydroxylation was of the same order of magnitude
in both the autoxidation and enzymatic systems, although the
initial rate of hydroxylation in the autoxidation system was
much greater. Hence the different sensitivities of
hydroxylation to catalase and other quenchers and inhibiltors
(see below) may be attributed to differences in the initial
rates of hydroxylation where the flux of the hydroxylating

species may be greater in the autoxidation system,

3.3.4 Effect of hydrogen peroxide

Addition of H to the autoxldation system caused an

2%2
initial stimulation of hydroxylation which was maximal at

10-20 mwM H (Table 3.3). However, at higher

202
concentrations (100 mM), the stimulation had dropped to 140%
of the control value. A similar observation was made with
the enzymatic system, where the decreased stimulation at
high concentrations of H202 may have been due to an
inhibitory effect of H202 on the xanthine oxidase (149)

and/or failure of Fe3+ reduction under strongly oxidising

conditions.
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TABLE 3.3

Effect of hydrogen peroxide on hydroxylat%on of salicylate

H202 Concentration Hydroxylation
(mM) (% of control)
Fe®*/EDTA X0/HX
0 100 100
1.0 137 155
2.0 179 168
10 350 136
20 363 125
60 122 116
100 140 106

Hydroxylation expressed as a percentage of a control

obtained in the absence of H202 for each of the autoxidation

and enzymatle systems.
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mM sallecylate.
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3.3.5 Effect of radical scavengers, chelators and

therapeutic agents

Scavengers of hydroxyl radicals - mannitol, DMSO
(dimethyl sulphoxide), benzolec acid, ethanol, sodium formate
and thiourea - produced marked inhibition of hydroxylation
in both systems at concentrations in the range 5 to 100 mM
(Table 3.4). Generally, hydroxylation produced by the
enzymatic system was more sensitive to inhibition than the
autoxidation system. Putative singlet oxygen quenchers -
sodium azide and histidine - produced significant
inhibition in both systems; again, inhibition was more

potent in the enzymatic system.

Potent inhibitory effects were seen with the chelators,
BPS (bathophenanthroline sulphonate) and DETAPAC
(diethylenetriamine pentaacetic acid), at concentrations as
low as 10 mM. Similarly, when the ratio of Fe2+/EDTA was
low due to increasing EDTA concentrations, there was a
marked inhibition of hydroxylation. Penicillamine inhibited
the enzymatic system at all concentrations studied, and also
inhibited the autoxidation system at concentrations greater
than 10 mM; however, at the lower concentratioms,

hydroxylation by the autoxidation system was enhanced.

The anti-rheumatic drugs, gold sodium thiomalate and

chloroquine, both produced inhibition of hydroxylation,
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which was significant at less than 10 mM. Indomethacin (0.5
mM) was found to have a modest but definite inhibitory
effect on hydroxylation (20%Z in the enzymatlc system and and
11% in the autoxidation system). Detailed study of the
effects of higher concentrations of indomethacin and other
anti-inflammatory drugs with low solubility in aqueous
solutions was not possible, as the inhibiltory effects of
organic solvents (e.g. ethanol, DMSO) precluded theilr use as

solubilising agents.

High molecular welght mucopolysaccharides - hyaluronic
aclid and heparin - inhibited significantly at both 0.1 and
1.0 mg/ml. Glucose also Inhibited at concentrations
approximate to the physiological range. Potassium chloride
and urea, both compounds previously shown to lack activity
in quenching oxygen free radicals (76), also lacked

inhibitory activity in these test systems.

Albumin in the concentration range 0.1 to 1 mg/ml
provided a small inhibition of hydroxylation in the
enzymatic system and a greater inhibition in the
autoxidation system. These proteiln concentrations far
exceeded protein concentrations of SOD and catalase required
to produce inhibition of hydroxylation Iin the enzymatile
system Iindicating that inhibition by SOD and catalase in

this system could not be attributed to non-specific
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quenching by protein. By contrast, protein concentrations
required to produce inhibition of hydroxylation in the
autoxidation system were similar for albumin, SOD and
catalase. Accordingly the modest inhibition observed in
this system in the presence of high concentrations of 50D
and catalase may be attributed to non-enzymatic quenching by

protein.
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TABLE 3.4

Effect of various groups of compounds on salicylate hydroxylation

COMPOUND Fe2+/EDTA X0/HO
Concentration (mM) 1 10 50 100 1 10 50 100
OH® scavengers

Mannitol - 15 49 64 26 45 78 86
DMSO 12 26% 75% 80* 41 81 94 96
Benzoate - 55 94 = N 71 95 100
Ethanol - 16 53 57 - - 46 74
Formate . 31 61 74 - - 83 88
Thiourea = 55 82 96 = - 89 91
Singlet oxygen quenchers

Azide 17 55 83 86 v 81 92 93
Histidine - 14 54 = ~ 50%* 85 % -
Chelating agents

BPS 8 58 91 90 24 78 93 93
DETAPAC 0 26 61 75 31 64 88 92
Anti-rheumatic drugs

Penicillamine 20## 22## 45 65 17 03 89 93
gold sodium thiomalate 10 33 66 75 19 62 91 94
Chloroquine - 42% 75% - B 70% 89* -
Naturally occuring polysaccharides

Glucose L4 31 57 72 17 44 78 87
Hyaluronic acid** 15 - N = 39 - - -
Heparin#*# 11 23 ¢ - - 16 344 - -
Miscellaneous

KC1 - 0 - 0 = 0 - 0
Urea - 0 0 = = 0 0 =
Albumin (mg/ml) 24 - - - 12 - - -

Inhibition of hydroxylation determined as in Table 3.2. *Values
estimated from a dose response curve. **Quantities in mg/ml. #Value
tabled for 2 mg/ml heparin. ##Values represent stimulation not
inhibition of hydroxylation (see text).
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3.4 DISCUSSION

The production of hydroxyl radicals by both oxy
radical-producing systems used in these experiments was
detected by the hydroxylation of salicylate to 2,3
dihydroxybenzoic acid. The different semsitivities of these
systems to inhilbition by SOD suggests a difference in the
mechanisms of OH®° production in the two systems. The
production of OH' by the autoxidation system, which 1s not
inhibited by SOD, has been ascribed to the followlng series

of reactions (150):

re?t + 0 ———> F" + 0" (1)
2 2 £

- - +
0,7 + 0, + 2H ---=> H,0, + 0, (2)
re?t + H,0, ———=> Fe3t & or" + on (3)

Reaction 3 - the Fenton Reaction - should be inhibited
by catalase. However, salicylate hydroxylation by the
autoxidation system was found to be relatively insensitlve
to catalase (Table 3.2), and this was consistently observed
in replicate experiments. In studies described in chapter 4
and other studies (62,151) using the degradation of
hyaluronic acid to detect OH® production by autoxidation of
the Fe2+/EDTA, degradatioh was inhibited by catalase. The
marked stimulation of hydroxylation by added H202 provides
further support for reactlon 3 in this system

(see Table 3.3).
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In the enzymatic system, which 1s inhibited by both

catalase and SOD, OH® production can be explalned by the

following sequence of reactions:

Hypoxanthine + 02 -===> urate + 02 (4)
- - +

0,7 + 0,7 + 2H ---=> H,0, + 0, (2)

0,7 + re>t ———=> Fe*" o+ 0, (5)

re?t 4 H,0, ———=> Fe3" &+ om" + on (3)

H,O + O -=--=-> OH + OH + O

In this series of reactions, iron plays a catalytic
role, belng alternatively oxidized and reduced. The
reducing agent (for reaction 5) in thils case 1s the
superoxide lion, produced by reaction 4, and this explains
why OH® production by this system 1s sensitive to SOD.
Equation 3 (and 6) should be sensitive to catalase, as
observed. These observations and the sensitivity of the
enzymatic system to OH® scavengers provides evidence that
hydroxyl radicals are produced from superoxide via an

iron-catalysed Haber Weiss Reaction (reaction 6).

Although singlet oxygen quenchers inhibited
hydroxylation, suggesting a role for singlet oxygen, the

inhibitory effects of these quenchers may not be restricted
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to reactions with singlet oxygen, because by virtue of their
low ionization potential, they also react with other

strongly oxidising speciles such as hydroxyl radicals (152).

Salicylate hydroxylation by both the autoxidation and
the enzymatic systems was shown to be inhibited by high
concentrations of the chelating agents DETAPAC, BPS and EDTA
(autoxidation system only), in agreement with the findings
of Halliwell (76). Studies described in chapter 4 and those
of Halliwell (62) have shown that DETAPAC and BPS also
inhibit the degradation of hyaluronic acid by both of these

radical producing systems.

Gutteridge et al found that EDTA, DETAPAC and BPS at
low concentrations (greater than 100 uM) significantly
stimulated peroxidation of phospholipid (from bovine brain),
whereas higher concentrations(greater than 0.5 mM) inhibited
peroxidation (153). They therefore suggested that there was
a critical ratio of chelator:Fe2+ at which there was a
change from a pro-oxidant to an anti-oxidant effect.
Buettner and Oberley, using light activated riboflavin to
produce oxy radicals and spin trapping to identify the
radical species, concluded that iron sequestered by DETAPAC
is no longer active, and thus the reactions which lead to
OH® formation are inhibited (154). The inhibition of

hydroxylation by other chelators (including penicillamine)
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could be attributable to similar mechanisms.

Penicillamine produced an inhibition of hydroxylation
at all concentrations tested in the enzymatic system and at
high concentrations in the autoxidation system. However, in
the autoxidation system, low concentrations of penicillamine
(1 and 10 mM) stimulated hydroxylation. We have also
observed an enhancing effect of penicillamine, at these
concentrations upon degradation of hyaluronic acid (62).
Gutteridge et al found that penicillamine in the range 14 -
1000 uM produced a stimulation of Fe2+—induced lipid
peroxidation (153). This stimulation of oxy radical
production by critical concentrations of penicillamine may
be due in part to the ability of penicilliamine to act as a
reducing agent. Under the conditions of excess Fe3+,
penicillamine could reduce Fe3+ to Fe2+, which could then
autoxidise again to produce OH®. It 1s possible that the
incompletely explained anti-inflammatory and anti-rheumatic
actions of penicillamine may in some way be related to the
reduction and chelation of iron in inflamed joints, where
increased iron deposition has been demonstrated (57,58,155) .
Chelates of copper and penicillamine may also be implicated
in the therapeutic action of penicillamine because chelates
of copper and penicilllamine are known to have a superoxide

dismutase-like action (156,157).
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The inhibition of hydroxylation by hyaluroniec acid,
heparin and glucose is consistent with the observation that
many biological/organic compounds, particularly
macromolecules and compounds with hydroxyl groups, react at
rapid rates with hydroxyl radicals (158). Hyaluronic acid
and salicylate probably react with hydroxyl radicals 1n a
competitive manner and in the process hyaluronic acid is

depolymerised (62, chapter 4 of this thesis).

The degree of inhibition of hydroxylation produced by
chloroquine, gold sodium thiomalate and penicillamine in oxy
radical-producing systems was at least as potent as that of
recognised OH®° scavengers and singlet oxygen quenchers.
Although we have not eliminated the possibility that in the
enzymatic system these drugs may affect the enzymatic
activity of xanthine oxidase, it should be noted that these
drugs show a simllar potency in the autoxidation system.
Concentrations required for inhibition (10 mM or less) may
be achieved at important micro-locations in inflammatory
exudates. For example, in vivo, both chloroquine
derivatives and gold are selectively concentrated in
lysosomal vesicles (159,160), and therefore in secondary
lysosomes in which generation of superoxide ions and

secondary oxy radlicals is known to occur (161,162,163).
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These studies, using two in vitro models of oxy radical
production designed to mimiec mechanisms of oxy radical
production likely to be seen in vivo at sites of
inflammation, indicate that some anti-inflammatory drugs
(e.g. penicillamine) alter oxy radical ggneration by
non-enzymatic mechanisms, and that these and other
anti-inflammatory drugs may competitively inhibit oxidation
of tissue components by oxy radicals produced enzymatically
or non-enzymatically. Further studiles, designed to (a)
determine the composite effects of physiological and
pharmacological agents likely to effect oxy radical
reactivity at sites of inflammation and (b) the relative
sensitivities of tissue components and functions to oOXy
radical induced damage, are requlired to determine the
relevance of the observed effects to the therapeutlc action

of anti-inflammatory drugs.
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3.5 SUMMARY

The production of a potent hydroxylating species,
presumed to be hydroxyl radical, was studied using
hydroxylation of salicylate as a detector Zystem.
Oxygen-derived free radicals (ODFR) were generated by (a)
autoxidation of ferrous—EDTA chelates and (b) enzymatically
(xanthine oxidase/hypoxanthine). Hydroxylation by these oxy
radical-generating systems was inhibited by superoxide
~dismutase, hydroxyl radical scavengers and singlet oxygen
quenchers. Low concentrations (1 mM - 10 mM) of
penicillamine stimulated hydroxylation by the autoxidation
system, although higher concentrations were inhibitory; all
concentrations were inhibitory in the enzymatic system. The
chelating agents, DETAPAC and BPS, were inhibitory in both
systems, as were the long acting anti-rheumatic drugs, gold
sodium thiomalate and chloroquine. The mechanisms of
hydroxyl radical generation described may have relevance to

the mechanisms of oxy radical generation occuring in vivo at

sites of inflammation.
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CHAPTER 4

PRODUCTION OF OXY RADICALS AND EFFECT OF METAL CHELATORS,

ANTI-OXIDANTS AND ANTI-INFLAMMATORY AGENTS II:

DEGRADATION OF HYALURONATE
r

4.1 INTRODUCTION

This chapter describes studies designed (a) to
determine the oxy radical species directly or indirectly
responsible for degradation of hyaluronate solutions by (1)
the xanthine oxidase/hypoxanthine (X0/HX) system and (ii)
autoxidation of ferrous lons in phosphate buffer, (b) to
establish the role of iron 1n oxy radical production in the
two systems, (c¢) to re—evaluate earlier studies
demonstrating inhibition by iron chelators and
anti-inflammatory drugs, of reactivity of oxy radicals
produced by enzymatic mechanisms (62,66,71,76) and (d) to
extend studies of action of chelators and anti-inflammatory
drugs to oxyradicals generated by the non-enzymatic
(autoxidation) system, and to compare the relative
activities of these drugs in the two oxy radical-producing

systems.

The systems used to produce oxy radicals and the agents

whose effects are under investigation in these studiles are
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similar to those employed in the previous chapter. Thus,
these studies of hyaluronate degradation and those employing
hydroxylation of salicylate to detect oxy radicals (Chapter
3) provide complementary information regarding factors

influencing production and effects of oxy radicals.

p
4.2 MATERIALS AND METHODS
4.,2.1 Materials

Hyaluronic acid (Grade III from human umbilical cord),
xanthine oxidase (Grade III from butter milk), SOD (type I
from bovine blood), and catalase (from bovine liver) were
obtained from Sigma Chemical Corp., St. Louis, MO. The
following compounds were generously donated: gold sodium
thiomalate (May & Baker Aust. Pty. Ltd., Footscray,
N.S.W.), indomethacin (Merck Sharp & Dohm (Aust). Pty. Ltd.,
South Granville, N.S.W.) and penicillamine (Lilly Industries
Pty. Ltd., West Ryde, N.S.W.). All other chemicals were of
the highest purity availlable from Sigma, or Ajax Chemicals,

Sydney, Australia.

4,2.2 Methods

Hyaluronate stock solutions (4 mg/ml) were prepared by
dissolving hyaluronic acid in sterile distilled water. This
slightly opaque solution was then cleared by filtration

through a 1.2 micron millipore filter, and then stored
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elther frozen or at 4°C until required. Before use this
solution was diluted 1:1 with 100 mM phosphate buffer to
give a working solution of 2 mg/ml. For the viscosity
measurements, a 1.7 ml solution at 25°C contained (a) for

3

the enzymatic system, 6 mM hypoxanthine, 12 x 10"~ units/ml

r
xanthine oxidase, 1 mg/ml HA in phosphate buffer; (b) for

2+/

the Fe EDTA system, 100 uM ferrous sulphate, 100 uM EDTA,

1 mg/ml HA in phosphate buffer, unless otherwlse stated.

In both systems, the buffer used was 50 mM potassium
phosphate containing 0.1 mM EDTA at pH 7.4, unless otherwilse
indicated. Stock solutions of all inhibitors, xanthine
oxidase and hypoxanthine were prepared in buffer and added
to the experimental solutlons in the required amounts. A
stock solution of 50 mM ferrous sulphate and 50 mM EDTA in
distilled water was freshly prepared before each Fe2+/EDTA
experiment and 3.4 ul added to the experimental solutlons to

initiate the oxy radical flux.

Concentrations of microcontaminant iron in phosphate
buffer, HA solutions and distilled water were determined
spectrophotometrically using ferrozine (164) and in all

cases, total iron was less than 1 uM.

The tube viscometer consisted of a 1 ml tuberculin

syringe fitted with a 20 G stainless steel dilsposable needle
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(0.90 x 38 mm). A reservolr consisting of a 10 x 75 mm
polystyrene tube was placed under the syringe assembly and
the experimental solution drawn into the syringe with care
being taken to avoid bubbles. The time for 0.8 ml to drain
from the syringe assembly was measured and the relative
viscosity (qu),of the HA solution calculaﬁed usiné the

equation:

ﬂq'R = time for hyaluronate solution
time, for buffer solution

The specific viscosity (Q?SP) is defined asﬂqu—l and 1s a
measure of the contribution to the total solution viscosity
of the solute, in this case HA. The concentration of HA (1
mg/ml) was chosen so that a typlcal elution time for 0.8 ml
using the above system was between 40 and 50 seconds,
whereas the elution time for the buffer was approximateiy 16
seconds, thus giving adequate sensitivity and 1 )
reproducibility qulsp' The average shear stress applied
to the solutions during a typical measurement was
approximately‘25 dynes/cm2 while the shear rate at the
capillary wall varied from 800 sec:—1 for the control HA
solutions to 3500 sec_1 for the buffer. The viscosity of 1
mg/ml HA solutions prior to exposure to oxy radicals at this
shear stress was approximately 3.0 éPoise. Over this range

a 1 mg/ml HA solution behaves approximately as a Newtonian

fluid (165).
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4.3 RESULTS
4.3.1 Time course of viscosity change

The time courses for the reduction of viscosity of the
HA solutions were.noticeably different in the X0/HX system
and the Fe2+/EDTA system (Figure 4.1). With the XO0/HX
system, the viscosity (415p) was reduced to approximately
20% of the initial value in 40 minutes after the initiation
of the oxy radical flux, wheréas in the Fe2+/EDTA system,
new equilibrium values (20% of control) were reached within
2 minutes. Hence in subsequent experiments, viscosity was
measured after 60 minutes in the enzymatic system and after
10 minutes in the Fe2+/EDTA system. The reduction in
viscosity has been shown to be a result of the degradation

or depolymerization of the HA moiety (53,61).
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Figure 4.1. Time course for viscosity change of an

hyﬁluronaté solution (1 mg/ml) in the presence of (a) 200 uM
Fe“ " /EDTA (@®cces...0) and (b) hypoxanthine and xanthine
oxldase (0-—---—- ¢). Changes in specific viscosity (42 ) are
expressed as a percentage of control values measured ﬁ fore
the addition of (a) Fe“ ./EDTA and (b) xanthine oxidase,
respectively. SOD 150 units/ml inhibited viscosity change
induceg, by the XO/HX system (®==®), but had no effect in
the Fe“" /EDTA system (not shown).
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4.3.2 Requirement for EDTA and iron in XO/HX system

Little degradation of HA was caused by the X0/HX system
in the absence of EDTA or added ironm (Table 4.1).
Substantial HA degradation occurred in th?~presence of 0.1
mM EDTA, and significant degradation was also observed in
the presence of added ferric ions without EDTA. Optimal
degradation was observed in the presence of 0.1 mM iron and
0.1 mM EDTA. Since the experimental solutions were shown to
contain iron as a microcontaminant, these results indicate a
requirement of suitably chelated iron for optimal

degradation of HA by the X0/HX system.

Table 4.1

Effect of EDTA and iron on hyaluronate

degradation by the XO/HX system

Experimental conditions Specifiec viscosity
(% of controls)

no X0 (control) 100
+ XO 93
+ X0 + 0.1 mM EDTA 32
+ X0 + 0.1 mM FeCl3 80
+ X0 + 0.1 mM FeCl3 + 0.1 mM EDTA 12

All experiments in 50 mM phosphate buffer at pH 7.4 with
1.2 mM hypoxanthine with or without 0.012 units/ml
xanthine oxidase (X0) as iIndicated.
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4.3.3 Dependence on concentration and oxidation

state of iron

In the Fe2+/EDTA system, the degree of viscosity

reduction was shown to be dependent on the Fe2+

concentration (Figure 4.2). This was the dase in the
presence and absence of EDTA. In the latter case, the Fe2+
in the stock solution did not completely dissolve but
remained in suspension until added to the experimental
solutions to initiate the degradation. Despite this
difficulty, the results demonstrate degradation of HA by
Fe2+ without EDTA, suggesting that Fe2+ does autoxidilize in
the absence of EDTA to produce an oxy radical flux. For

greatest sensitivity it was declided to use 100 uM Fe2+ and

100 uM EDTA in the inhibition studies. Fe' (as FeCl,) in
the presence of EDTA, had no effect on the degradation of

HA.
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Figure 4.2, Effect on specific viscosity (71 ) of 24
hyaluronate (1l mg/ml) of varying concentrationgpof Fe - in
the pgﬁsence (6¢e...0) and absence (¢ ~———=~ ¢) of 500 uM EDTA,
or Fe (e ) in the presence of EDTA. Viscosity

measurements were made 10 minutes after the addition of
iron.




80

4.3.4 Additive effects of Fe2+/EDTA and X0/HX systems

Figure 4.4 shows the additive effects of Fe2+/EDTA (25
uM) and the X0/HX systems in producing HA degradation. 1In
this experiment, 25 uM Fe2+/EDTA was added to HA solution
containing all components except the xanthine oxidase. Ten
minutes later, when a new stable value had been reached,
xanthine oxidase was added to initiate the additional free
radical flux. A further reduction 1n viscosity was seen
which was of similar magnitude to that obtained with the
enzymatic system alone, and the final viscosity indicated an
additive effect of the Fe2+/EDTA and the enzyme system on HA

degradation,
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4.3.5 Effect of Fe2+ at different hyaluronic acid

concentrations

An increase in viscosity with increasing concentrations
of HA is illustrated in Figure 4.3. The ?glative viscosity
(qu) increased up to 4 as the HA concentration increased to
l.4 mg/ml. The effect of the addition of 25 uM Fe2+/EDTA at
each concentration was to displace the curve to the right by
the equivalent of 0.2 mg/ml of HA. This indicated (a) that
25 uM Fe2+ reduces the viscosity of HA by an amount
equivalent to that achieved by reducing the HA concentration
by 0.2 mg/ml, and (b) that this reduction is not dependent

on the initial HA concentration,
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Figure 4.4, Relationship between relative viscosity GTLR)
and hyaluronate concentration in the presence and absence
(control) of 25 uM FeSOA/EDTA.
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4.3.6 Effect of superoxide dismutase and catalase

SOD at an activity of 20 units/ml inhibited the HA
degradation by 84% in the XO/HX system (Table 4.2). In the
Fe2+/EDTA system, thils activity had no effect and increasing
the SOD activity up to 2000 units/ml (proé;in conc., 0.7
mg/ml) produced only a 6% inhibition. This small inhibition
can be attributed to non-enzymatic quenching of oxy
radicals, because albumin produced a similar degree of

inhibition at a concentration approximate to that required

to achieve this enzymatic activity.

Catalase, 200 units/ml, inhibited the degradation by
the XO/HX system to a greater extent (89%) than the
degradation caused by the Fe2+/EDTA system (l16%). However,
at 2000 units/ml, catalase inhibited the HA degradation by
59% in the Fe2+/EDTA system. At this activity the protein
concentration was 0.7 mg/ml, and since 2 mg/ml albumin
produced only a 13% inhibition of degradation (Table 4.3),
the inhibition by catalase at these higher activities (2000
units/ml) cannot be attributed to non-specific protein

quenching of oxy radicals.,
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TABLE 4.2

Effect of superoxide dismutase and catalase

on hyaluronate degradation

Inhibitor Percentage inhibition of HA degradation
units/ml
£E3+/EDTA X0/HX
SOD
20 1 84
100 0 94
1000 1 100
2000 6 =
Catalase
20 6 34
100 3 72
200 16 89
1000 41 112
2000 50 110

Percentage inhibition of hyaluronate degradation 1s
calculated using the equation

I(2) = (/'lsp _ﬂspmin)/(nspmax _r)zspmin) x 100,

whereq7 & is the specific viscosity of the experimental
solutions (containing the enzymes) andql Spmin is the

specific viscosity of the control solutionmns (without the
enzymes), both measured after exposure to an oxy radical

flux. Q%VSpmax is the specific viscosity of the the control

hyaluronate solutions not exposed to an OXy radical flux.,
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4.3.7 Effect of radical scavengers, chelators

and therapeutic agents

The effects of specific groups of compounds on the
degradation of HA by the Fe2+/EDTA system ;nd the XO0/HX
system are shown in Table 4.3 (Fe2+/EDTA) and Table 4.4

(X0/HX) respectively.

The OH® scavengers, benzoic acid and mannitol both
produced significant inhibition of HA degradation in both
systems in the millimolar range. Similarly the solvents,
ethanol and DMSO - both known OH® scavengers - inhibited HA
degradation by the Fe2+/EDTA system. Singlet oxygen
quenchers (sodium azide and histidine) produced a 50% (or
greater) inhibition of degradation at 10 mM in both

systems.

The results with chelating agents differed not only
between the Fe2+/EDTA and the X0/HX systems, but also
between the agents themselves. DETAPAC 1 mM and
penicillamine 1-5 mM (a chelating and anti-rheumatic agent)
produced significant increases in HA degradation in the
Fe2+/EDTA system, whereas the same concentrations produced
significant inhibition in the X0/HX systems. BPS

(bathophenanthroline sulphonate), on the other hand,

produced significant inhibition of degradation at 1 mM or
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greater in both systems. However, at a concentration of 50
mM, all the chelating drugs produced a significant
inhibition of the HA degradation, regardless of the systen
used to induce the degradation.

r

All of the anti-rheumatic drugs tested, with the
exception of penicillamine (as discussed above), showed
inhibitory activity at all concentrations and at each
concentration the degree of inhibition was similar to that
obtained with OH®’ scavengers and singlet oxygen quenchers at
similar concentrations. Indomethacin, which because of its
low water solubility was tested only at a concentration of 1
mM, showed a modest but reproducible inhibition of HA
degradation.

Gentisic acid, which is a hydroxylated form of
salicylate (5-hydroxy-salicylate) was equipotent with
salicylate in inhibiting HA degradation in both oxy
radical-generating systems. Urea, a compound known to have
no activity as a scavenger or quencher (76), had no

inhibitory effect on degradation,
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Table 4.3

hyaluronate degradation by Fe

ounds on
/EDTA.

COMPOUND Percentage inhibition of HA degradation
Concentration (mM) 1 2 5 107 20 50 100
OH~ scavengers
Mannitol 5 17 33 57 59 - -
Benzoilc acid 25 36 49 68 71 - -
DMSO 22 - 52 65 86 93 100
Ethanol - - - 38 55 71 84
Singlet oxygen quenchers
Azide 39 55 70 80 86 - -
Histidine 22 28 47 65 76 - -
Chelating agents
DETAPAC 9% 1% 19 48 51 - -
BPS 19 52 88 100 100 - -
Anti-rheumatic drugs
Penicillamine 16%* 16% 5% 8 23 63 91
Salicylate 28 - - 72 80 84 91
Chloroquine 20 35 49 60 68 81 91
Gold sodium thiomalate 11 21 35 48 62 75 83
Indomethacin 18 - - - = - -
Miscellaneous
Gentisic acid 27 45 71 77 89 89 95
Urea - - 1=* 0 3% 1%
Albumin (mg/ml) 13# 13¢# -

Inhibition calculated as in Table 4.2.

*Values represent

stimulation of hyaluronate degradation not inhibition.
#Values for albumin concentration are in mg/ml.
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Table 4.4

Effects of various groups of compounds on
hyaluronate degradation by XO/HX.

COMPOUND Percentage inhibition of HA degradation

Concentration (mM) 1 2 5 107 20 50 100

OH~ scavengers

‘Mannitol 6 - 11 64 70 92 -
Benzoic acid 6 - 16 30 42 73 91
Singlet oxygen quenchers

Azide 24 39 57 69 80 84 84
Histidine 9 16 34 49 65 82 93
Chelating agents

DETAPAC 15 22 36 53 67 76 -
BPS 41 77 95 97 94 - .
Anti-rheumatic drugs

Penicillamine 13 23 42 63 80 99 -
Salicylate 15 27 51 62 75 89 93
Chloroquine 39 46 = 69 75 100 -
Indomethacin 13 -

Miscellaneous

Gentlsic acid 22 31 60 94 106 115 113
Urea - - - 0 2 2 3
Albumin (mg/ml) 114 284

Inhibition calculated as in Table 4.2.
#vValues for albumin concentration are in mg/ml.
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bob DISCUSSION

Viscometric analysis of HA degradation caused by oxy
radicals, provides a convenient in vitro mo@el system, with
whieh to study factors potentially influenggng synovial
‘fluid degradation in diseased joints. The reproducibility
of the viscosity changes had allowed detailed examination of
the sequences of events leading to the formation of the

active radical species in different oxy radical-generating

systems.

The rapid degradation of HA observed in the Fe2+/EDTA
system (Figure 4.1) is due to the rapid autoxidation of
Fe2+ to Fe3+ in the presence of phosphate buffer with
subsequent OH®° production (150). The slower degradation in
the enzymatic system is in agreement with that observed by
other workers (41,61) and is due to the slower rate of
production of oxy radicals by this system. The degree of
degradation was much greater than that observed by Hofmann &

Schmut (166) whose solutions did not contain EDTA which

enhances HA degradation (see Table 4.1).

The inhibition of HA degradation by OH" scavengers
suggests that OH® is the oxy radical directly responsible

for degradation in both the Fe2+/EDTA and enzymatic systems.
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However, based on differences in sensitivities to inhibition
by SOD and catalase, the mechanisms by which this radical is
generated appear to be different in the two systems. In the
Fe2+/EDTA system which 1is sensitive to catalase but not 50D
(see also 62, 166), the following equations describe the

r

reaction sequence leading to OH® formation.

ret & o, 5 T 3 0,” (1)
= = +

0,7 + 0,7 + 2H ---=> H,0, + 0, (2)

re?t 4+ 0.7 + 2H' —ee=> FeT 4+ w0 (7)

2 272 A

re?* 4+ H,0, ———=> Fe>* 4+ om" + o (3)

Reactions (2) and (7) result in the formation of H202
which participates in the Fenton reaction (reaction 1),

which is sensitive to catalase.
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In the enzymatic system which is sensitive to both
catalase and SOD, the formation of OH® may proceed as

follows:-

Hypoxanthine + 02 —~===> urate + O2 (i)
- - 28" 0 +f'

o, + 0, + 2H ---=> H,0, 0, (2)

0, + Fe3t ——==> Fert 4 0, (5)

Fe’t + w0, ———=> Fe3' &+ O0H" + 0B (3)

Nett reaction

H,0, + 0, ---=> OH' + OH + 0, (6)

At pH 7.4, and in the absence of 50D, reaction (g)

proceeds at a slow rate and sufficient O2 1s available for
reaction (5). However, in the presence of SOD, reaction (2)

proceeds so rapidly that reaction (5) is inhibited by

2 L)

required for the Haber-Weiss Reaction (g) may be

depletion of O
3+

In the absence of added iron, the
Fe2+/Fe
provided by impurities in the buffer system. Similarly, in
the synovial fluid of patients with rheumatoid arthritis,
there should be adequate levels of iron (57,58,155) to

catalyse such a reaction Iin the presence of 02 generated by

activated leucocytes.

The effect of lron chelation on the degradation of HA

was shown to be important. The observed stimulation of HA
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degradation by penicillamline, EDTA and DETAPAC in the
autoxidation system 1s congruent with studies using
hydroxylation of salicylate to detect OH® radicals (Chapter
3), and those on Fe2+-induced 1ipid peroxidation (153). In
the X0/HX system, all concentrations of pipicillamine,
DETAPAC and BPS studied, inhibited HA degradationm. Similar
observations with DETAPAC and BPS were made by Halliwell
(76), who suggested that this effect is due to formation of
chelates which sequester iron required for the Haber-Welss
reaction (see also 154). The differences in HA degradation
achieved in the presence of comparable concentrations of
different chelating agents suggests that important
differences exist in the chelating action of different
agents. The ratio of chelator to Fe2+ concentration also
appears to influence Fe2+ autoxidation as shown by
differences in HA degradation observed at varying

concentrations of individual chelators.

The degree of inhibition of HA degradation by
chloroquine, gold sodium thiomalate and salicylate was
similar in both the oxy radical-producing systems and was
comparable to the inhibition produced by OH®’ scavengers and
singlet oxygen quenchers at equivalent concentrations.
Similar results were obtalned with these drugs in

experiments using hydroxylation of salicylate (Chapter 3).

Salicylate and gentisic acid showed similar inhibitory
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effects, suggesting that salicylate retains its ability to
scavenge OH® after metabolic hydroxylationm to gentisic

acid.

In in vitro experiments, some anti-rheumatic drugs. also
show significant inhibition of oxy radica{:mediated
reactions at micromolar concentrations. Herzer and Lemmel
(69) showed that 150 uM indomethacin produced a 50%
inhibition of NBT reduction by dextran sulphate actilvated
leucocytes, and Van Dyke and workers (70) found that 20 uM
indomethacin and 30 uM salicylate both produced a 50%
inhibition of chemiluminescence produced by
zymosan-activated leucoecytes. Similarly, indomethacin (100
uM) inhibited by 50% the cytochrome C reduction produced by
tetrapeptide-activated leucocytes (67), and 80 uM inhibited
bovine synovial fluid degradation by 96% (71). However, in
some of these experiments, ethanol and DMSO were used in the
preparation of solutions and as is shown 1n Table 4.2, these
solvents are potent OH° scavengers. In our experiments, 1

mM indomethacin only produced a 13% inhibition of HA

degradation.

These examples underline the differences in reported
findings on inhibition of oxy radical reactions by
scavengers, quenchers, chelating agents and anti-rheumatic

drugs in in vitro experiments. These differences are
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undoubtedly influenced by differences in methods of
production and detection of oxy radicals and other
experimental conditions (167). The superiority of one
method over another particularly in predicting the
therapeutic activity of test compounds isfyet to be
established. However, all studies to date, including the
present study, are compatible with the concept that the
therapeutic activity of some anti-inflammatory drugs may to
some extent be attributed to thelr ability to intercept oxy
radicals. In this context it 1s worth noting that, although
the concentrations of the anti-rheumatic drugs required for
inhibition of oxy radical effects in vitro have generally
been higher than those achieved in plasma and synovial fluild
in vivo at therapeutic doses, higher concentrations may be
achieved at important micro-locations, such as secondary
lysosomal vesicles in the case of chloroquine and gold

(159,160), where oxy radicals are generated (161,162,163).

Because oxy radicals, in particular the hydroxyl
radical, may be important mediators of inflammation, the
development of new therapeutic agents capable of abrogating
the formation of oxy radicals, may offer a new approach to
the treatment of inflammation. Iron chelators, by
sequestering iron so as to preclude its participation in
OH® generating reactions, provide an example of this

approach.
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4.5 SUMMARY

Degradation of hyaluronic acid (measured
viscometrically) by oxy radicals generated;by (a)
autoxidation of ferrous EDTA chelates and (b) enzymatically
by xanthine oxidase and hypoxanthine (X0/HX), was used as an
in vitro model of oxy radical-mediated tissue damage.
Degradation of HA by XO0/HX was strongly inhibited by
superoxide dismutase and catalase, whereas degradation of HA
by autoxidation of ferrous lons was weakly inhibited by
catalase, and unaffected by SOD. Both oxy radical producing
systems were inhibited by hydroxyl radical scavengers
suggesting that hydroxyl radical was the proximate damaging
speclies in both systems. Penicillamine at concentrations
1-5 mM stimulated HA degradation by ferrous EDTA chelates
but inhibited degradation by the XO0/HX system. Higher
concentrations of penicillamine, and all concentrations
studied (1-100 mM) of other anti-inflammatory drugs
(chloroquine, gold sodium thiomalate, salicylate) inhibited
HA degradation by both the autoxidation and enzymatic oxy
radical producing systems, with inhibitory potency similar

to that seen with known hydroxyl radical scavengers.
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CHAPTER 5

GENTISATE:

A SALICYLATE METABOLITE WITH ANTI-OXIDANT PROPERTIES

p
5.1 INTRODUCTION

Gentisate may be formed by the action of hydroxyl
radicals on salicylate (75). Synovial fluld gentisate
levels had not been reported prior to these studles which
were undertaken to determine the degree of correlation
between plasma and synovial fluid gentisate in patients
taking anti-inflammatory doses of aspirin/salicylate In
order to determine (a) whether there was likely to be ready
equilibration between gentisate in plasma and synovial
fluid, (b) whether there was any significant peripheral
conversion of salicylate to gentisate (possibly reflecting
oxidation of saliecylate by oxy radicals generated in
inflamed joints), and (c) whether gentisate levels acheived
in inflamed joints were comparable to concentrations causing

anti-oxidant effects in some in vitro systems.
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5.2 METHODS
5.2.1 Patients

Patients with knee effusions attending the Royal
Adelaide Hospital-The Queen Elizabeth Hospital Rheumatology
Unit were invited to participate in the sfﬁdy. Patients
already taking aspirin in anti-inflammatory doses were
assessed to obtain elinical disease activity scores (see
below) and synovial fluid and blood samples were taken
contemporaneously. Patients not taking aspirin and for whom
no contraindications to aspirin therapy existed, were given
sustained release aspirin (a gift from the Boots Co.
Australia Pty. Ltd.) six to eight 650 mg tablets daily in
divided doses for one week, They were then subjected to
disease activity assessment, aspiration of knee effusion and
venepuncture. Fourteen patients had rheumatoid arthritis.
Six additional patients had other diagnoses; psoriatic
arthritis (2), osteocarthrosis (2), ankylosing spondylitis

(1) and post—traumatic synovitis (1l).

5.2.2 Assessment of disease activity

Disease activity was assessed as follows:-

1. Tenderness or pain on motion was scored as present (1)
or absent (0) on a total of 21 joints or groups of
joints (see below - maximum possible score 21).

2. Joint swelling was scored as present (1) or absent (0)
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in 16 joints/groups of joints

(maximum possible score = 16).
3. Duration of morning accentuation of stiffness.
4, Erythrocyte sedimentation rate (Westergren).

f/

The following jolnts on each side were assessed for (a)
joint tenderness or pain on movement and (b) swelling:
proximal interphalangeal jolnts of hands,
metacarpophalangeal joints, metatarsophalangeal jolnts (each
of these groups of joints contributed to the score as if a
single unit based on relevant positive findings in one or
more jolnts of a group), wrists, elbows, shoulders,
ankles/hindfeet, knees. The hips and temporomandibular
joints on each side, and the neck were assessed for pain on

movement or tenderness (but not swelling).

A total score was obtalned as follows:-
Joint tenderness/pain on movement score plus jolint swelling
score plus morning stiffness in hours plus ESR in cms/hour

(1.e. mm/hour divided by 10).

5¢.2.3 Collection of samples and assays

Blood and synovial fluild samples for assay of
salicylate and metabolites were placed directly into tubes
containing lithium heparin. Salicylate, salicylurate and

gentisate concentrations in plasma and synovial fluld were
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measured using a modified HPLC assay (77). Following
protein precipitation with an equal volume of acetonitrile
containing the internal standard o-methoxybenzoic acid (20
mg/ml), samples were chromatographed using a Waters
uBoHd?pak C18 column and detected at 323 nm. The mobile

phase, methanol/glacial acetic acid/water in the ratio

20/4/76, was run at 2 ml/minute.

5.2.4 In vitro studies of conversion of salicylate to

gentisate by an oxy radical flux

Ferrous sulphate (100 mM) was freshly prepared in 100
mM EDTA (pH 7.4). To initiate the hydroxyl radical flux,
this was then added (in amounts required to give final
concentrations ranging from 0.1 to 5.0 mM FeSO4/EDTA) to 1.0
nM sodium salicylate in 50 mM potassium phosphate, pH 7.4.
After incubation for one hour at 2500, these solutlons were
frozen until assayed by HPLC for salicylate and gentisate,

as above.
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5.3 RESULTS {@:EQJ
Results of plasma and synovial fluid salicylate
analyses are shown in Figure 5.1. It can be seen that there
was a close correlation between plasma and synovial fluid

salicylate levels (r = 0.94, n = 20) suggé€sting ready
equilibration of salicylate between the plasma and synovial
hspaces. Similar degrees of correlation were observed
between plasma and synovial fluid levels of salicylurate
(Figure 5.2, r = 0.90, n = 20) and gentisate (Figure 5.3, r

= 0.93, n = 16).

In order to determine whether there was any correlation
between the degree of conversion of salicylate to gentisate
and disease activity scores, ratios of gentisate and
salicylate in plasma and synovial fluid were computed.
Patients with rheumatold arthritis were grduped according to
severity of disease activity. Although numbers in each
group are small there were no discernible trends iIin ratios
of gentisate to salicylate between patients with mild or
more severe dlsease activity or between patients with
rheumatoid arthritis and those with other diagnoses (Figure

5¢4) .
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The in vitro conversion of salicylate to gentilisate in
the presence of a hydroxyl radical flux 1s shown in Figure
5.5. Concomlitant disappearance of salicylate was observed
with the appearance.of gentisate, which accounted for
approximately 35% of the salicylate loss. The remaining
salicylate oxidation products were not deyéctable using the
HPLC method described above., In particular, a
2,3-dihydroxybenzoate standard was not satisfactorily

resolved.
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Figure 5.5. In vitro oxidation (loss) of salicylate

(o @) and converslon to gentisate (& 4) in 50 mM
potassium phosphate buffer at pH 7.4, in the presence of an
oxy radical flux produced by 0.l to 5.0 mM FeSO4—EDTA.
Samples were incubated for one hour at 25°c.
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5.4 DISCUSSION

A close concordance between steady state plasma (total
and unbound) and synovial fluid levels of qalicylate has
been shown previously (168). The present’;tudy confirms
this work and demonstrates a similar concordance between
levels of salicylurate and gentisate. It has been shown
(169), that salicylate can be measured in synovial fluid
within 10-30 minutes of single dose salicylate ingestion.
Accordingly, local production of gentisate in inflamed

joints may have occurred but have been masked by rapid

equilibration of the gentisate into the plasma space.

There was no discernible difference in salicylate to
gentisate ratios in plasma or synovial fluid between the
rheumatoid and non-rheumatoid groups nor were there any
significant differences (as assessed by rank analysis)
between the rheumatoid patients with mild, moderate or
severe disease. It could be argued that if conversion of
salicylate to gentisate by oxygen radicals in inflamed
joints were the dominant mechanism for bioconversion of
salicylate to gentisate then one would expect higher ratios
of gentisate to salicylate in plasma and synovial fluid
samples of patients with active disease than in samnples from

patients with less active dilisease or non—-inflammatory joint
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disorders. However, to date a valid measure of overall
leucocyte-mediated oxy radical production in inflammatory
disorders has not been established, and any correlation
between oxy radical production and clinical measures of
disease activity remains speculative.
r

If an oxygen radical-mediated conversion of salicylate
to dihydroxybenzoates were operatlve, then
dihydroxybenzoates with hydroxyl groups in an
Ortho-configuration (e.g. 2,3-dihydroxybenzoate) should be
formed in addition to gentisate (hydroxyl groups in
ggzg-configuration). In the present study, 1t was not
possible to confirm or exclude the presence of
2,3-dihydroxybenzoate in plasma and synovial fluid samples
because this compound was not detected by the HPLC assay
used. Under in vivo conditions, conversion of Para- and
Ortho- dihydroxybenzoates to corresponding quinones may be
expected resulting in reduction of measurable gentisate and
2,3-dihydroxybenzoate (if present). Futhermore, since
2,3-dihydroxybenzoate is more susceptible to oxidation to
its (Ortho)quinone than gentisate (to a Para-quinone), its

presence 1s likely to be more transilent.

While no support for peripheral conversion of
sallicylate to gentisate or 2,3-dihydroxybenzoate was

obtained, on the basis of available evidence, this mechanisn
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cannot be excluded. The presence of gentisate (and possibly
2,3—dihydroxybenzoate) in synovial fluid may have
significance because quinone-forming diphenols, including
gentisate, are anti-oxidants (170). Furthermore, these
agents may modify the effects of oxidants such as those
secreted by leucocytes at sites of inflammation at
concentrations similar to those found in these patient
samples (78). Also thelr quinone derivatives may have
important biological effects through covalent bonding with

proteins.

5.5 SUMMARY

A study was undertaken to determine levels of
gentisate, an antioxidant metabolite of salicylate, in
plasma and synovial fluid samples from patients taking
anti-inflammatory doses of aspirin. A close correlation
between plasma and synovial fluid concentrations was found
for (i) salicylate, (ii) salicylurate, and (1il) gentisate,
in 20 patients studied. These data suggest ready
equilibration of these conpounds between the plasma and
synovial spaces. 1In vitro experiments confirmed that in the
presence of an oxy radical flux, salicylate is oxidised to
gentlisate. However, no evidence was obtalned to implicate
peripheral conversion of salicylate to gentisate in inflamed

jolints where oxYy radicals may be produced.
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CHAPTER 6

MACROMOLECULAR CONJUGATES OF SUPEROXIDE DISMUTASE (SOD):

STUDIES OF CLEARANCE, ANTI-INFLAMMATORY EFFECT

AND IMMUNOLOGICAL REACTIVITY
r

6.1 INTRODUCTION

This chapter describes studies using three different
crosslinked protein macromolecular conjugates comprising
respectively (a) SOD and albumin, (b) SOD-SOD without
albumin and (¢) albumin-albumin without SOD. Studies of
clearance (from blood and pleural spaces), anti-inflammatory

effect and immunological reactivity are described.

6.2 MATERIALS AND METHODS

6.2.1 Preparation of conjugates

Cu-Zn superoxide dismutase (SO0D) was isolated from
bovine liver or human erythrocytes according to the method
of McCord and Fridovieh (32). Bovine liver SOD was also
obtained from Sigma Chemicals, St, Louis, MO. SO0D
activity was assayed by the inhibition of ferricytochrome C
reduction by enzymatically generated superoxide (32).
Rabbit and rat albumins (Sigma Chemicals, St. Louls, MO.)

were crosslinked to SOD with glutaraldehyde using a
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modification of a previously described method (120). The
procedure was as follows (Method A): SOD 1l mg and albumin
50 mg were added to 0.02 M sodium phosphate buffer, pH 7.4,
1 ml followed by glutaraldehyde 25% in distilled water 10
ul. The reaction was allowed to proceed at,4°C for 4 to 5
he. The reaction was terminated by the adgition of glycine
12 ‘mg. and the-mixture dlalyzed against several changes of
0.13 M NaCl-0.l16 M glycine, followed by gel filtration on a
Blio-Gel A-0.5 m agarose column with an exclusion 1limit of

500,000 daltons (Bio-Rad, Richmond, Ca.).

In later studies the crosslinking method was modified
as follows (Method B): 30 mg SOD and 300 mg albumin were
dissolved in 3.0 ml of 0.02 M sodium phosphate buffer, pH
7.4, followed by 30 ul glutaraldehyde 25% in water, with
termination at 5 hours by adding 36 mg glycine. The
mixture was dialysed overnight against 0.13 M NaCl + 0.16 M

glycine, followed by gel filtration on Sepharose 4B.

The columns were equilibrated and material eluted with
0.02 M sodium phosphate buffer, pH 7.4, containing 0.13M
NaCl. Calibration was acheived using as standards
cytochrome C, SOD, bovine serum albumin, B-galactosidase,
myosin, thyroglobulin and xanthine oxidase. The conjugates
were concentrated using an Amicon ultrafiltration cell with

a PM 10 filter, and then stored at 4°C with 10 units/ml
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penicillin.

The protein concentration of thé conjugate solutions
was determined by the method of Bradford (171) using
Coomassie brilliant blue G-250 (Sigma Chemﬁfals). The
conjugates were concentrated using an Amicon ultrafiltration
cell with a PM 10 filter and stored at 4°C with penicillin
10 U/ml, or snap frozen in dry ice-ethanol, lyophilized,
stored at 4°C and reconstituted with phosphate-buffered

saline, prior to use.

6202 Clearance studies in rats

Lewls rats (150-300 g) were used throughout for in vivo
studies. Plasma clearance of SOD enzymatic activity was
determined following intravenous injection of rat
albumin-SOD conjugates of specified molecular weight ranges.
Rats were bled from the tail vein. In intrapleural
clearance studies, the test preparations were injected Into
the right pleural cavity. At specified times the rats were
sacrificed, the cavity exposed and washed out with 5.0 ml
isotonic saline. The washings were then centrifuged to

remove cells, and the supernatant assayed for 50D activity.
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6.2.3 Assessment of anti-inflammatory effect 1in rats

Anti-inflammatory activity in rats was assessed by
inhibition of carrageenan-induced paw swelling (133). Test
preparations were injected into the right saphenous vein of
unanaesthetized rats immediately prior to injection of
carrageenan 1% in saline 0.05 ml into the left paw. Each
treatment group comprised 8 to 10 rats matched for weight.
Paw volume was determined blind by displacement of water
before and 4 h after injection. Percent inhilbition was
calculated by comparison with a saline (intravenous) and
carrageenan (paw) injected control group included in each

experiment,

6.2.4 Immunoreactivity of conjugates in rabbits

To test the immunogenicity and antigenicity of bovine
liver SOD-albumin conjugates prepared by Method A, groups of
three, 2 month old male New Zealand rabbits were given
repeated injections of the following: (a) free SOD, (D)
rabbit albumin, (c¢) conjugates of rabbit albumin alone
(prepared by the glutaraldehyde-crosslinkng reaction in the
absence of SOD), (d) rabbit albumin-SOD conjugates, (e)
rat albumin, (£f) conjugates of rat albumin alone, (g) rat
albumin-SOD conjugates. All conjugates for injection were
obtained from included fractions collected by Bio-Gel A-0.5

m agarose chromatography. All injections were given
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according to the following schedule. On days 1,2 and 3,

2 ml protein (2 mg/ml) homogenized with 1 ml complete
Freund’s adjuvant was injected intramuscularly into the
hindquarter of the rabbit. On days 10, 11 and 12 the
injections were repeated without the adjuzﬁnt. On day 19
the rabbits were gilven booster injections of 1 ml protein,
and 7 days later bled from the ear vein. The anti-sera
obtained were tested for precipitating antibodies by
OQuchterlony double diffusion in agar gel (172).
Approximately 12 ul of each antiserum was tested against O.l
to 50 ug of antigen protein. In addition, up to 300 ug of
the albumin-SOD conjugates were used 1n order to compensate
for the relatively low contribution of SOD to the total

protein content of the conjugates.
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6.3 RESULTS
6.3.1 Characteristics of macromolecular SOD conjugates

Under the conditions of preparation described, the
glutaraldehyde mediated crosslinking reaction provided more
than 50% retention of the original enzymatic activity of
(bovine liver) SOD in (a) rat albumin-SOD conjugates
(methods A and B), (b) rabbit albumin-SOD (method A), (c)
human albumin-SOD (methods A and B), (d) horse albumin-SOD
(method B), and (e) SOD-SOD conjugates. Similiar findings
were obtained with human erythrocyte SOD conjugated to
elther rat albumin or human albumin (method B).
Fractionation of conjugation products by gel filtration
yielded conjugates with apparent molecular weilghts ranging
upto 2 x 106. Figure 6.1 shows a representative profile
of elution of SOD activity and protein (absorbance at 254
nm) obtained with a rat albumin-SOD preparation (Method B).
A small proportion (up to 57%) of SOD remained unconjugated
in some preparations (molecular weight of native CuZn SOD
3.2 x 104). These findings are congruent with
chromatographic profiles of conjugates prepared using SOD

and 125I-labelled rat albumin (Method A) (173).
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Individual and pooled fractions stored at 4°C in the
presence of 10 units of pencillin suffered no detectable
loss of enzymatic activity over a period of one month.
Fractions quick frozen in a dry ice-ethanol bath and
lyophilized for long term stor;ge, exhibited virtually
complete retention of activity upon recon;;itution.
< A1bumin-SOD complexes subjected to slow freezing (placed
directly into a -20°C freezer) and thawing formed visible

aggregates with removal of SOD activity from solution and

accordingly, this procedure was avoided.
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Figure 6.1y A typlcal elution profile of SOD enzymatic
activity (&——aA) and absorbance at 254 Nm (eseeee) OF
SOD-albumin conjugates (prepared by Method B) obtained with
column chromatography using Sepharose 4B. Approximate
molecular welght (daltons) of fraction constituegts include:
Fraction 14, 41.8 x 10°; Fraction 28, 1.3 x 10°; Fraction

33, 2.0 x 10 .
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6.3.2 Clearance studies in rats

Plasma clearance of intravenously injected unconjugated
SOD was very rapid (t1/2 = 6 mins), whereas the clearance of
the conjugated forms of SOD was biphasic and considerably

slower (Figure 6.2) with t 3-5 hrs for phase I, and

1/2 ¢
t1/2 = 6-12 hrs for phase II (Table 6.1). Figure 6.2 and
Table 6.1 show results -obtained using conjugates formed by
Method B. Similar findings were obtain with conjugates

with a proportionately higher albumin content formed by

Method A.

TABLE 6.1

Plasma clearance of SOD activity following intravemnous
injection into rats

Plasma half time

Injection phase I phase II

SOD 6 min -
(3000 units/kg)

SOD-SOD conjugates 3 hrs 10 hrs
(3000 units/kg)

SOD-Albumin conjugates¥* 4 hrs 6 hrs
(2500 units/kg)

SOD-Albumin conjugates¥** 5 hrs 12 hrs
(2500 units/kg)

The molecular we%ghts were as follows: SOD-SOD conjugates,
(355 - 9.0) x 10°; SOD-Albumin conjugates¥*, (6.9 - 17) x
10°; SOD-Albumin conjugates**, (2.5 - 6.0) x 107 .
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SOD activity in the pleural cavity diminished with a
half-time of 2.5 hours following intrapleural injection of
free SOD, whereas the clearance was delayed (1:.1/2 = 7 hrs)

when SOD conjugated to albumin was injected (Figure 6.3).

f"
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Figure 6.2. Plasma clearance of SOD activity following
jntravenous injection of SOD preparations into rats.
Free SOD (e ", 5
SOD-Albumin conjugates MW (6.0 - 17) x 10 gD————-O,
SOD-Albumin conjugates MW (2.5 - 6.0) & 107 (¢ x) ,
SOD-SOD conjugates MW (3.5 - 9.0) x 10 [/a &),
Computations of phase I and II plasma half-times are
presented in Table 6.1.
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Figure 6.3. Clearance of SOD (e #) and conjugated
SOD-Albumin (° 0) from the pleural cavity, following
intrapleural injection.
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6.3.3 Anti-inflammatory effects of conjugates in rats

Unconjugated SOD was without detectable
anti-inflammatory effect in rats when given as a single
intravenous dose of up to 3,000 units/kg body-weight (Table
6.2). Similarly unconjugated albumin, given intravenously

at 33 mg/kg, was without detectable effect.

SOD-albumin conjugates had anti-inflammatory activity
with maximum inhibition (70 - 80 %) being seen with doses of
3000 units/kg, protein 33 mg/kg (Table 6.2).

Albumin-albumin conjugates had a comparable
anti-inflammatory effect in similar experiments (Table 6.2).
The anti-inflammatory effects of the SOD-albumin and the
albumin-albumin conjugates were independent of the molecular
weights of the conjugates within the range 30,000 to
2,000,000 Daltons (Table 6.2). Table 6.3 shows that in a
single experiment, albumin-albumin conjugates and
SOD-albumin conjugates had equipotent anti-inflammatory
activity, and that this activity was dose—dependent.
Conjugates of SOD alone (prepared by eross-linking SOD in
the absence of albumin) were tested for anti-inflammatory
activity in three separate experiments (total of 30 rats
injected). At a dose of 3000 units/kg, 0.7-2.0 mg
protein/kg 41-68% inhibition of paw oedema was sSeene. Thus
the anti-inflammatory action of SOD-SOD was approximately

equipotent to that of SOD-albumin conjugates when related to
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enzymatic activity, but was considerably more potent than
either S0D-albumin or albumin alone conjugates when related

to the amount of protein injected.

Table 6.2
I r

Inhibition of carrageenan—-induced rat paw oedema

by S0D, albumin and their conjugates

% inhibition plasma

Injection paw swelling of paw swelling SOD activity

(gnms)
(units/ml)
EXPERIMENT 1
Saline control 0.98 + 0.2(24) 0 <10
SOD 0.87 + 0.2(16) 11 <10
SOD-albumin conjugates N
Pool I 0.21 + 0.1(8) 80 34 + 4
Pool 1II 0.22 + 0.1(9) 78 56 + 10
Pool III 0.24 + 0.2(10) 76 50 + 12
Pool IV 0.22 + 0.2(9) 78 35 + 12
EXPERIMENT 2
Saline control 1.12 + 0.2(8) 0 <10
Albumin 1.07 + 0.2(7) 4 <10
Albumin-albumin conjugates
Pool I 0.53 + 0.1(3) 53 <10
Pool 1II 0.53 + 0.1(7) 53 <10
Pool III 0.44 + 0.2(8) 61 <10
Pool 1V 0.26 + 0.1(4) _ 77 <10

Bracketed values indicate animal numbers. In experiment 1 -
SOD injection iv. of 3000 units/kg, protein approx. 33
mg/kg. In experiment 2 - injection iv. of 33 mg/kg of
albumin; molecular wgight ranges of pooled fractions were:-
Pool I (17 - 20)x 10 Daltons, Pool II (6.4 - 17)x 10
Daltons,_.Pool III ( 2.7 - 6.4)x 10 Daltons, Pool IV ( 0.3 -
2.7)x 107 Daltons. , Experiments 1 and 2 were performed on
different days. Mean + SD
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Table 6.3

Comparison between inhibition by SO0D-albumin

and albumin-albumin conjugates of

carrageenan—-induced rat paw oedema

Injection paw swelling Z inhibition
(gms) of paw swelling
Saline control 1.24 + 0.2 0

Albumin-albumin conjugates

5 mg protein/kg 0.72 + 0.2 42
20 mg protein/kg 0.40 + 0.2 68

SOD-albumin conjugates

500 units SOD/kg 0.71 + 0.2 43
(5 mg protein/kg)
2000 units SOD/kg 0.49 + 0.3 61

(20 mg protein/kg)

Sixteen rats were used in each group. The molecular weights
of SOD—a%bumin and albumin-albumin conjugates were (2.7 -
17) x 10 Daltons.
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6.3.4 Immunoreactivity of conjugates in rabbits

The results of studies in rabbits of immunogenicity and
antigenicity of homologous (rabbit) albumin-SOD conjugates
and heterologous (rat) albumin-SOD conjugates and thelr
components are shown in Table 6.3. The immunogenicity
(abiltty to elicit an antibody response) and antigenicity
(ability to react with antibody) of bovine liver Cu-Zn SO0D
was demonstrated by a positive precipitin reactlon between
native SOD and sera from rabbits injected with native SOD.
Native SOD reacted with the serum from one of three rabbits
injected with rabbit albumin~SOD conjugates indicating the
presence of antibodies against SOD in this animal. The
serum of this animal did not react with rabbit (or rat)
albumin presented as native albumin or conjugates,
indicating that no antibodies were formed against the
albumin moiety of the —conjugates., Rabbit albumin-SOD
conjugates were non-antigenic as evidenced by absent
precipitin reactions to all anti-sera inecluding anti-sera to
SOD. Predictably, rat albumin was immunogenic and antigenic
whether presented as native rat albumin or conjugates.
Anti-sera to rat albumin-SOD conjugates reacted with native
rat albumin, conjugates of rat albumin and rat albumin-SO0D
conjugates, but did not react with native SOD. This
indicates that the antibody response was restricted to the

albumin moiety of the conjugates.
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TABLE 6.3

Immunogenicity and antigenicity of crosslinked

albumin-SOD conjugates.

ANTIGENS
SOD Rabbit Rabbit Rabbit Rat Rat Rat
albumin albumin albumin albumin albumin alb
alone SOD alone SOD
conjug conjug conjug conj
SOD + = = = = B -
+ - - - - - -
“+ - - - - - -
Rabbit - . = . - - -
albumin . . = = - - -
Rab alb - = = = . . -
alone - - = . B - -
conjug = - - - = = -
Rabbit + - = . - - -
alb-S0D = . . . - - -
conjug = = N - - N -
Rat - - - - + + +
albumin - N = = + + +
- - - - + + +
Rat alb - - - - + + +
alone - - - - + + +
conjug = - - . + + +
Rat alb - - . - + + +
SOD - - - - + + +
conjug - - - - + + +

Results are shown for reactions of antisera raised in three
separate rabbits for each antigen. Conjugates of albumin alone
were formed by glutaraldehyde reaction in absence of SOD.

+ Indicates a precipitin reaction with the antigen shown.

-~ 1Indicates a negative precipitin reaction.
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6.4 DISCUSSION

These studies demonstrate a number of desirable
properties of albumin-S0D and SOD-SOD conjﬁgates. The
conjugates are easy to prepare and composed of relatively
inexpensive and readily available materials (bovine liver Cu
Zn SOD and albumin). The conjugates are relatively stable
upon storage with respect to 50D activity and in vivo
anti-inflammatory properties. Lyophilized conjugates, which
can be reconstitutd without loss of activity, provide a
formulation suitable for prolonged storage prior to use.

The plasma clearance of conjugates (half-time of enzymatie
activity of up to 15 h) is sufficiently slow to allow use of
conjugates in studies designed to examine the actions of
superoxide ions (and related oxygen—free radicals) and SOD

13 vivo.

SOD-albumin and SOD-SOD conjugates were found to have
potent anti-inflammatory activity in rats with
carrageenan-induced paw oedema. The inhibition of
carrageenan—-induced paw swelling achieved was similar to the
maximum effect obtained with non-steroidal anti-inflammatory
drugs (NSAIDs). (With NSAIDs this degree of inhibition 1is

jinvariably associated with acute gastric toxleity (133)).
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However, albumin-albumin conjugates were found to have
anti-inflammatory activity, so that the anti-inflammatory
action of these SOD conjugates could not necessarily be
attributed to thelr enzymatic activity.
r

The enzyme independent anti-inflammatory action of
conjugates may, in part, be related to their macromolecular
configuration, because a variety of macromolecules have been
shown to possess anti-inflammatory effects (174).
Alternatively or additionally, the crosslinking procedure
may alter the protein constituents of conjugates in such a
way as to make them capable of depleting circulating factors
(e.g. complement) required to mount an inflammatory response
at the assessment site. The findings dictate caution in
interpreting studies demonstrating in vivo effects of
macromolecular conjugates of SOD (or other enzymes) and
attributing the observed effects to alterations in the
availability of the enzyme at the site of the process under

assessment.,

Conjugation of SOD with albumin resulted in diminished
immunogenicity and antigenicity of S50D. Using the rigorous
immunization schedule described (involving repeated
injection of antigens with and without complete Freund’s
adjuvant), only one of three rabbits injected with rabbit

albumin-SOD conjugates developed a precipltating antibody

e
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against SOD, whereas all three rabbits given native SOD
developed antibodies to SOD. Furthermore, albumin-S0D
conjugates were shown to be nonantigenie in the presence of
antibodies to SOD. These findings are encouraging for the
possible therapeutic administration of homologous

r

albumin-SOD conjugates by intravenous injection.

Further studies are required to assess the toxicity and
immunogenicity and antigenicity of conjugates given
repeatedly by injection intravenously or by other routes
(intramuscularly, intra-articularly). Rates of clearance of
plasma SOD activity could alter with prolonged dosing. If
the circulatory characteristics of albumin-SOD remained
unchanged over a period of months, then it could be inferred
that no antibodies directed against the conjugate were
produced in vivo to accelerate the removal of conjugates.
Injections of conjugates given for therapeutic indications
are likely to be less immunizing than the regimen of
repeated intramuscular injection with complete Freund’s
adjuvant used in the present study. However, should the
broad molecular weight range of conjugates (MW 1.0 x 105 -
17 x 105) tested in this study show significant
immunogenicity after repeated intravenous administration, 1t
may prove useful to discard conjugates at the lower end of

> _ 2.5 x 105) and retain conjugates

5

the range (eg. MW 1 x 10

of higher molecular weight (eg. MW 2.5 x 107-5 x 105)
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(although this would involve some loss of retention in
plasma and other spaces). The lower molecular weight
conjugates contaln less albumin (conjugates of 1 x 105
would contain one albumin and one SOD molecule) than high
molecular weight conjugates and accordingl;rmight be

expected to less efficiently mask antigenic sites on

heterologous SOD molecules.

Fortunately SOD is a molecule with a high degree of
sequence homology between specilies (35) and relatively low
immunoreactivity. Orgotein, a protein product promoted for
anti-inflammatory and other claimed therapeutic effects,
before its identity with CuZn bovine liver SOD was known,
has been given to hundreds of patients (114,115,116,117,118)
and has also been used in vetinerary practice (especially in
horses). Although it is difficult to accept various
therapeutic claims as proven on the basis of published data,
these studies at least indicate that SOD is well tolerated
when repeatedly injected intravenously, intramuscularly and
into joints. Accordingly, bio-availablity could be a more
important consideration than immunoreactivity, and SO0D-SOD
conjugates could conceivably be as well tolerated as

SOD-albumin following repeated injections in most subjects.

The development of conjugates of SOD with long plasma

half times and low immunogenicity provides new possibilities
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for the study of inflammation and its treatment. Other
potential applications for these conjugates in biology and
medicine may be found in radiation oncology (175),
toxicology (e.g. paraquat and oxygen toxlecity) (176), and
surgery (e.g. protection of autologous and allologous grafts

from reperfusion injury)(l177,178).

6.5 SUMMARY

Crosslinked polymers of CuZn SOD and albumin from
several mammalian sources have been prepared with (a) more
than 60% retention of enzymativity, (b) stability on
storage, (c) delayed clearance of enzymatic activity from
plasma and pleural spaces, (d) anti-inflammatory action
(also found with cross-linked albumin and (e) low

immuno-reactivity,.
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CHAPTER 7

CORTISOL PALMITATE LIPOSOMES FOR SYSTEMIC THERAPY OF

INFLAMMATION

r

7.1 INTRODUCTION

This chapter describes the preparation of cortisol
palmitate liposomes and documents theilr anti-inflammatory
effects following systemic administration using two separate

animal models of inflammation,

7.2 MATERIALS AND METHODS

7.2.1 Materlals

Dipalmitoyl chloride, DPPC, and hydrocortisone were
obtained from the Sigma Chemical Co. (St. Louls, Mo.).
Hydrocortisone succinate was obtained from Eli Lilly,
Sydney, Australia. Cortisol palmitate (CP) was obtained from
ICI PharmaceCuticals Division, Macclesfield, Cheshire, U.K..
3H—cortisol palmitate was prepared according to the method

14

of Shaw et al (131). C-cholesteryl oleate was obtained

from New England Nuclear, Boston, Mass.,.
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7.2.2 Preparation of liposomes

Liposomes were prepared as follows:- DPPC 90mg and
cortisol palmitate 10 mg were dissolved in chloroform and
dried in vacuo on a rotary evaporator. TE; resulting film
of 1ipid was redissolved in chloroform benzene (1:10, 2 mls)

which was frozen in dry ice/ethanol before lyophilization.

The freeze-dried solid was resuspended in phosphate
buffered saline 0.15 M, pH 7.4 and sonicated at 52°C for 15
minutes using a probe sonicator (375W Cell Disruptor, Heat
Systems Ultrasonics Inc., Plainsville, N.Y.). After
standing at 40°C for 30 minutes to allow the liposomes to
anneal, the resulting transluscent suspension was
centrifuged at 500g for 10 minutes at room temperature to
remove any titanium particles shed by the probe during
sonication. Liposome preparations for use in animal
experiments were then dialysed for 60 minutes. Sonicated
suspensions of cortisol palmitate in saline were also
prepared without using DPPC. These latter suspensions were
not stable, with cortisol palmitate forming a precipltate
within a few minutes inspite of sonicationm for up to 60

o
minutes at 40 C or room temperature.

In studies designed to assess (a) the amount of

cortisol palmitate incorporated into DPPC liposomes and (b)
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possible leakage of cortisol palmitate from the liposomes,
liposomes were prepared with DPPC 90mg, 3H-cortisol
palmitate 10 mg (50 uCi) and 14C—cholesteryl oleate, 10 ug
(50 uCi)., The latter compound is highly lipophiliec and
insoluble in water and was used as a liposomg constituent
marker. After centrifugation to remove titgnium particles,
the liposomes were applied directly to a Sephadex G50 column
(Pharmacia, Fine Chemicals, Uppsala, Sweden). Liposomes
eluting in the voild volume were pooled and stored at 4°C for
7 and 21 days and then re-chromatographed on Sephadex G50.
3H and 14C content of these purified liposomes were
determined in a Beckman L5-230 liquid scintillation counter
after ad&ing 100 ul aliquots of eluted liposome fractions to

2 ml of Bray’s solution. (New England Nuclear,Boston,

Mass.).

7.2.3 Carrageenan—-induced paw oedema in rats

Groups of 6-8 rats were Injected intravenously with
lipogome preparations (volume 0.3-0.5 ml) immediately prior
to injecting 0.1 ml carrageenan (17Z) in saline into the left
paw. Paw volume was determined by the weight of water
displaced from a 12 x 75 mm test tube by immersion of the
paw to the anatomical hailrline. Paw volumes were measured
before, and 4 hours after, injection of carrageenan. The
increases in paw volume over this four hour period were

calculated, and differences between groups analysed using
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the unpaired t test. Results are presented graphically as
percentage inhibition of paw volume increase, by comparison
with control groups of rats receiving carrageenan but
injected intravenously with saline in lieu of liposomes.

7

7.2.4 Inflammatory response in subcutaneous sponges

impregnated with heat-killed M. tuberculosis

Each experimental group contained 7 or 8 rats.
Polyurethane sponges (Dunlopillo Ltd., Adelaide, Australia)
40 mg were washed twice in distilled water and then immersed
in a suspension of heat-killed M. tuberculosis, 0.5 mg/ml in
distilled water prepared as follows: 80 mg of heat-killed,
lyophilized M. tuberculosis (Strains C,DT, PN mixed,
Ministry of Agriculture, Fisheries and Food, Central
Veterinary Laboratory, Weybridge, Surrey, U.K.) was ground
to a paste with 0.5 ml distilled water using a pestle and
mortar then diluted to the final concentration, and
sonicated for 2 minutes using a 60W Mullard tissue sonicator
with 1/4" probe to otain an even suspension. These sponges
were then dried overnight at 37°C to constant weight. Each

sponge contained approximately 1.5 mg dry M. tuberculosis.

on day 0, sponges were implanted through a dorsal midline
incision, one into each flank of each rat and the wound
closed with staples. Animals were then injected with test
preparations or saline via the saphenous vein on days

0,1,2,3. On day 4 animals were sacrificed, the sponges were
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removed and adherent tissue external to the sponges
carefully cut away. The sponges were then dried at 37°C for
3 days prior to weighing. For statistical analysis, using
the unpaired t test, the average welght gain of the two
sponges from each animal was taken (except for those animals
contributing sponges for cell density analysis, in which
case only the weight -of-one dried sponge weight was used for
this analysis). Percentage welght inhibltion was computed
by comparison with the mean increase in sponge weight in
control rats, i.e. receiving saline rather than liposome

preparations.

One sponge from each of two animals in each treatment
group was immediately fixed in formal-saline, without prior
exclsion of adherent tissue. These sponges were later
embedded in paraffin wax, and 5 micron sections were cut and
stained with haematoxylin and eosin. Three sections from
each sponge were examined to quantify the density of
cellular infiltration using a Transidyne 2955 scanning
densitometer., Cell density data was expressed as the mean
of 2 averaged density scores, obtalined after examining
sponges from 2 animals in each group. The small numbers of
samples in these histological studies precluded statistical

analysis,
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7.3 RESULTS

7.3.1 Incorporation and retention of cortisol palmitate

into DPPC liposomes

Liposomal preparations appearing in the void volume
contained more than 99% of the 3H—cortisol palmitate and
14C—cholesteryl oleate applied (Figure 7.1). After repeat
chromatography at 7 and 21 days all the radioactivity
remalned in the liposome (voild volume) fractions, indicating
no measurable lcakage of cortisol under the conditions of
storage. Attempts to incorporate unesterified 3H—cortisol, 5
mg (50 uCi) into DPPC (90mg) liposomes resulted in very low

entrapment of cortisol (<2%). These latter preparations

were deemed unsuitable for 13 vivo studies.

7.3.2 Anti-inflammatory effect against carrageenan-

induced paw oedema

The results comparing the anti-inflammatory effects of
equivalent doses of cortisol given as (1) cortisol palmitate
in DPPC liposomes, (ii) cortisocl succinate and (iii)
cortisol palmitate as aqueous suspensions, in rats with paw

oedema ‘are shown in Filgure 7.2.
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Figure 7.1. Elution profile following Sephadex G50
chromatography of liposomes containing DPPC (90mg), cortisol
palmitafg (5mg, 50uCi) and cholesteryl oleate (10 ug, 50
uCi) . C-cholesteryl oleate was used as a liposome marker.
Liposomes appear in the void volume. Repeat chromatography
after seven,and 21 days storage at 4 C gave identical
profiles. H-cortisol palmitate was also found to elute
entirely in the void volume (liposome) fractions both before
and after storage. The arrow shown indicates the location
of the void volume peak obtained with blue dextran
(Pharmacia).

50
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Filigure 7.2, Inhibition of carrageenan-induced paw swelling

following intravenous injection of test preparations
immediately prior to injecting carrageenan (0.1 ml) into the
left hind paw of rats. Paw volume was measured before and
four hours after injection. Results are expressed as
percentage inhibition of paw swelling observed in control
rats injected intravenously with saline. - Experimental
groups comprised 6-8 rats.
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The liposome-encapsulated cortisol palmitate
preparations were approximately 10 times as potent as
cortisol succinate, a water-soluble cortisol preparation.
Significant differences in paw swelling wiye seen at
cortisol doses of 4 mg/kg (t=4.81, p<0.001, d.f. 11) and 40
mg/kg (t=7.67, p<0.00l, d.f. 13). In the absence of
phospholipid, cortisol palmitate formed an unstable
suspension exhibiting little anti-inflammatory activity in
vivo, presumably due to its poor bioavailability in this

type of preparation.

7.3.3 Anti-inflammatory effect against cellular

infiltration of subcutaneous sponges impregnated

with heat-killed M. tuberculosis

Results of studies of anti-inflammatory activity using
this model are shown in Figure 7.3. Both cortisol palmitate
in DPPC liposomes and cortisol succinate showed potent
anti-inflammatory activity following intravenous injection,
shown by reduction of both the sponge weight and the extent
of cellular infiltration into the Iimplanted sponge.
Liposome—encapsulated cortisol palmitate, given
intravenously was superior to cortisol succinate given by
the same route, in suppressing the increase of sponge

weight. Significant differences in sponge weight were seen
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when liposome- encapsulated cortisol palmitate and cortisol
gsuccinate were compared at doses of approximately 1 mg/kg
cortisol (t=2.0, p<0.95, d.f. 14), 5 mg/kg (t=3.38,
p<0.0025, d.f. 15) and 10 mg/kg (t=2.6, p<0.025, d.f. 14).
The amount of cortisol, given as cortisol succinate was
actually 1.25 times the amount given as r
liposome~encapsulated cortisol (as palmitate). The
liposome-encapsulated cortisol palmitate and cortisol

succinate preparations were approximately equipotent in

inhibiting cellular migration into the sponges (Table 7.1).

DPPC vesicles without cortisol palmitate showed no
anti-inflammatory effect at all at lipid concentrations used
in these experiments., Furthermore, they provided no
additional anti-inflammatory effect when given with
anti-inflammatory doses of the water-soluble cortisol

succinate in either model of inflammation.
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Figure 7.3. Inhibition of weight galn of sponge implants
in rats following intravenous administration of test
preparations on days 0, 1, 2 and 3. Heat killed M.
tuberculosis treated sponges were implanted on day O.
Animals were sacrificed and sponges removed on day &4.
Results are expressed as percentage inhibition of weight
gain of sponges observed in control rats injected
intravenously with saline. Experimental groups comprised 7
or 8 rats.
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TABLE 7.1

Effect of cortisol esters on cellular infiltration
into implanted sponges in rats

4
Test s b .
preparations Cortisol Cell density
mg/kg

Saline 0 100
Cortisol palmitate 0.8 91
(liposome encapsulated) 4 55

8 49
Cortisol succinate 1 83

5 53

10 45

N test preparations injected intravenously on days 0, 1, 2
and 3. Rats sacrificed on day 4.

b values refer to dally dose of cortisol given as test
preparations.

c

cell densities expressed as percentage of mean values
obtained for saline injected (control) rats.



145

7.4 DISCUSSION

Liposomes containing cortisol palmitate and DPPC
provided a greater anti-inflammatory effect when compared
with equivalent doses of the water-soluble cortisol
succinate, in two models of inflammation. The first model,
carrageenan-induced paw inflammation, measures oedema
forming in the first few hours following an irritant
stimulus (133). The second model involving implantation of
polyurethane sponges impregnated with heat killed M.
tuberculosis, and studied over a 4 day treatment period,
provides a model of continuing severe acute inflammation.
It is characterised by a predominance of neutrophil
polymorphonuclear cells and early infiltration of
mononuclear cells together with collagen formation within
the sponges at the time of sacrifice (134). This model
allows quantitation of both cellular infiltration and
increase in sponge weight (contributed by oedema fluid and
cellular infiltrate). Liposomal cortisol palmitate was
significantly more effective in suppressing the increase in
sponge welght and equipotent in suppressing cellular
infiltration, when compared with cortisol succinate.
Appropriate control experiments failed to show any influence
of liposomes, prepared without cortisol succinate or

cortisol palmitate, on the inflammatory response in the
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presence or absence of cortisol succinate in either
inflammatory model. The enhanced affects seen with liposome
encapsulation of cortisol palmitate in DPPC thus could not
be attributed to any intrinsic anti-inflammatory effects of
the DPPC liposomes alone. Similarly, enhaﬁgement of
inflammatory effect of cortisol by esterification with
palmitate was excluded in experiments using sonicated
suspensions of cortisol palmitate in saline in the
carrageenan—induced paw oedema model. These unstable
suspensions which are difficult to inject were not tested in

the sponge implant model.

These studies indicate an enhanced anti-inflammatory
effect of cortisol following esterification with palmitate
and incorporation within DPPC-based liposomes. The degree
of enhancement could be of practical therapeutic value in
some clinical situations, if unaccompanied by an enhancement

of unwanted effects,
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745 SUMMARY

Liposomes containing cortisol palmitate showed greater
anti-inflammatory activity than water soluble cortisol
succinate, following intravenous injection into rats, as
assessed by inhibiltion §f (a) carrageenan-induced paw
swelling, and (b) inflammatory responses in subcutaneous
sponge implants impregnated with heat-killed M,

tuberculosis.
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CHAPTER 8

GENERAL DISCUSSION AND DIRECTIONS FOR FURTHER STUDIES

The major contributions of this thesis are outlined and
discussed below with comments regarding later studies and

directions for future studies.

8.1 PRODUCTION OF OXY RADICALS WITHIN INFLAMED JOINTS

The capacity of synovial fluid leucocytes for
generation of an oxidative burst was established by
measuring the chemiluminescent responses of these cells to
stimulation by serum opsonised zymosan in vitro. Observed
higher basal chemiluminescence of synovial fluid PMN
leucocytes compared to their matched peripheral blood
counterparts suggested a degree of in vivo activation of
cells sampled from inflamed joints. These studles add
relevance to considerations of oxy radicals as potential
mediators of tissue damage and as possible modifiers of cell
metabolism in inflamed joints., More direct evidence for
oxy radical production within inflamed joints awaits the
identification of stable conversion products specifically
attributable to the effects of oxy radicals on an endogenous

or exogenous probe substrate.
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8.2 IRON CHELATION AND HYDROXYL RADICAL PRODUCTION

Earlier suggestions that iromn is important as a
catalyst for hydroxyl radical production in the presence of
a superoxide flux were confirmed and extende@ to show the
importance of state of iron chelation for cgtalytic
activity, The observed deose dependent inhibition of
hydroxyl radical production at the relatively high
concentrations of chelators studied (1 mM and greater) led
to further studies examining effects of lower concentrations
pf chelators in the same experimental systems. A biphasic
effect on hydroxyl radical production in the presence of a
superoxide flux and catalytic amounts of iron has been
observed in these studies (179) with concentrations of
certaln chelators (EDTA, DETAPAC, penicillamine) enhancing
hydroxyl radical production at concentrations up to
approximately lmM with dose dependent inhibition again being

observed at higher concentrations.

8.3 AUTOXIDATION OF IRON AND REDUCING AGENTS

Observed enhancement of hydroxyl radical production at
some concentrations of penicillamine in the iron
autoxidation system (Fe2+/EDTA) drew attention to a
superoxide independent mechanism for iromn catalysed hydroxyl

radical production. This mechanism involves reduction of
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Fe3+ by thiol agents with thiols thus driving the cyelic

oxidation and reduction of suitably chelated iron and
assoclated hydroxyl radical production. The endogenous
thiol, glutathione, was one of several agents shown to be
active in this system. Using hyaluronate’depolymerisation
(viscometry) as detector system, hydroxyl radical production
was correlated with extent of thiol oxidation (179). Thus

the following sequence of reactions can be postulated:

This or a similar mechanism may have relevance at
dAnflammatory sites, e.g. rheumatoid joints where increased
iron deposits may provide ample iron (57,58,155) to support
such a reaction in the presence of endogenous bilioreductants

(glutathione, ascorbilc acid) (59).

8.4 GENTISATE AND RELATED SUBSTANCES AS ACTIVE

METABOLITES

Gentisate was demonstrated in synovial fluid at
concentrations (ranging from 2 to 24 uM), at which gentisate
causes inhibition of chemiluminescence (amplified by
luminol) assoclated with an enzymatically
(xanthine/hypoxanthine) generated superoxide flux, ID 2.7

20

ID20 and ID70 refer to

concentrations causing 20% and 70Z inhibition of

uM, ID70 3.7 uM (78). (

chemiluminecence respectively). Gentisate was also found
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to have similar potency as an inhibitor of oxy radical
associated chemiluminescence in the presence of several oxy
radical generators and another lumigenic probe
(lucinigenin). These studies, which include examination of
several isomers and structural analogues of gentisate have
shown that chemiluminesence-inhibiting acg;vity in these
gystems correlates with a structural configuration allowing
oxldation to a quinone (see figure 8.1). For example, a
potent inhibitory activity similar to that of gentisate was
observed with 2,3 dihydroxybenzoate (both produced by
hydroxyl radical attack on salicylate in vitro). Gentisate
has hydroxyl groups in a Para- configuration and can be
oxidised to a Para-quinone. 2,3 dihydroxybenzoate (with
hydroxyl groups in the Ortho- configuration) may be oxidized
to an Ortho-quinone. The ability of these diphenols to
readily yield to hydrogen abstraction to form stable radical
intermediates (hydroquinones) may account for their activity
in the oxy radical/chemiluminesence systems. Sallcylate,
other monohydroxybenzoates, and dihydroxybenzoates with
hydroxyl groups in a Meta- configuration (which cannot be

oxidised to quinones) have relatively weak activity in these

systems (IC20 > 200 uM).

Studies of aminosalicylates and aminophenols
demonstrate analagous structure function relationships with

S5-aminosalicylate and 4-aminophenol (both of which have an
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amino group Para- to an hydroxyl group) having ID20 of 0.1
uM or less. By contrast, 4-aminosalicylate (amino group
Meta- to hydroxyl group) was found to have an ID20 > 1 mM.
Para- and Ortho- aminophenols, like diphenols in this
configuration yield to proton abstraction to form relatiyely
stable hydroquinone radical intermediatesf; These latter
studies achieve relevence because 5-aminosalicylate and
sulphasalazine, of which S5-aminosalicylate is a prime
metabolite, have been shown to have anti-inflammatory

activity against Iinflammatory bowel disease and, in the

scase of sulphasalazine, rheumatoid arthritis.

Studies using a varlety of detector systems to monitor
hydroxyl radical production (depolymerisation of hyaluronic
acid, hydroxylation of salilcylate, 1—14C decarboxylation of
radiolabelled benzoate or formate) have falled to
discriminate between the activities of (a) Ortho- or Para-
diphenols/aminophenols and (b) monophenols, and
diphenols/aminophenols with a Meta- configuration. Thus the
potency of agents such as gentisate and 5-amlnosalicylate as
inhibitors of chemiluminescence is not simply related to
thelr effects as hydroxyl radical scavengers. The
importance of these effects in relation to the
anti-inflammatory effects of salicylate and 5-amino
salicylate/sulphasalazine remain to be established.

Certainly these quinone-forming agents could conceilvably,
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through thelr actions as proton donors exert important
effects on some metabolic events at inflammatory sites.
Centisate has little if any anti-inflammatory effect when
given orally, possibly because 1its chemical instability
and/or susceptibility to bacterial chlorinases in the gut
militate agalnst effective absorption. Fuither studies,
using the HPLC method described, designed to document the
characteristics of absorption/non-absorption of gentisate
following oral administration may help to evaluate the
conjecture that gentisate may be an active metabolite of
salicylate. Also further studies are required to explore
more directly possible anti-inflammatory effects of
gentisate, including attempts to correlate
structure-function relationships with anti-inflémmatory
activity of gentisate and its analogues, following local

injection into experimentally induced inflammatory lesions

in animals.
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8.5 SOD CONJUGATES

Studies described indicate an anti-inflammatory effect
of SOD conjugates which cannot be attributed entirely to
their enzymatic activity because albumin-albumin conjugates
formed by the same crosslinking method werg also
anti-inflammtory. The anti-inflammatory effects of
albumin-albumin were not shared by unconjugated homologous
serum albumin. Subsequent experiments have been undertaken
to test whether any of the reagents used in the crosslinking
procedure react with albumin to form an anti-inflammatory
derivative. These studies have not 1dentified the reagent
or step in the reaction sequence reponsible for this effect.
In addition, reaction of glutaldehyde and glycine (which may
result in glutaldehyde-glycine polymers) also faills to
generate an anti-inflammatory agent. It i1s possible that
the macromolecular configuration of crosslinked albumin
imparts a pro-inflammatory effect by triggering inflammtory
cells/cascades within the intra-vascular compartment and
thereby detracting from the Inflammatory response induced
and measured at the index site (i.e. paw oedema). A similar
effect would result 1f the conjugates were contaminated by
endogenous pyrogen. However, native albumin subject to
similar procedures including incubation with gluraldehyde
(for intervals insufficient to cause extensive crosslinking)

and glycine followed by chromatography does not show
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antli-inflammatory effect. In the studies described the
anti-inflammatory effects of albumin-albumin were consistent
and reproducable. Previous studies undertaken at another
centre did not show an anti-inflammatory effect with
albumin-albumin conjugates (173) but were yess detalled than

r

the studies described in this thesise.

Because albumin-albumin conjugates possess
anti-inflammatory activity it is desirable that the effects
of SOD conjugates be examined using systems in which
alterations 1n tissue structure or function may be more
directly attributable to superoxide lons or theilr
derivatives (rather than a nonspecific tissue 1rritant 1like
carrageenan), in the expectation that these systems may more
clearly differentiate between the effects of SOD conjugates
and conjugates containing albumin alone. For this purpose
it is proposed to explore the possible protective effects of
locally applied and intravenously injected SOD conjugates
(and native SOD, albumin-albumin and native albumin for
comparison) against oxy radical-induced damage to hamster
cheek pouch vascular endothelium (monitored by
microscopically evident leakage of fluorescent dye from
blood vessels within the pouch) (180). Del Maestro has
shown that in increased vascular permeability induced by
X0/HX can be inhibited by local application of S0D, catalase

and hydroxyl radicals scavengers (suggesting mediation
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through superoxide-driven hydroxyl radical production)
(180). The proposed studies would assess whether SOD
conjugates within the vascular compartment could protect
against endothelial damage/dysfunction resulting from the
extra-vascular superoxide flux, as well as §eeking to
confirm the protective effect of locally agplied

(extra-vascular) SOD (in native and conjugated forms).

McCord and co-workers have suggested that reperfusion
injury is mediated by superoxide lons generated by xanthine
~dehydrogenase which has been denatured in lschaemic tissues
and has thus acquired xanthine oxidase activity (178).
Experiments are planned to assess the actlvity of SO0D
conjugates as protectants against necrosis in ischaenmie
regions of pedicle skin flaps. These studies will utilize
an established model in pigs with which it has been shown
that agents injected during the operative perilod become
entrapped within the ischaemic zone of the flap (181). Thus
SOD conjugates glven at operation should be retalned within
the flap long after SOD activity has been ecleared from
plasma. SOD conjugates may thereby exert a protective
effect against necrosils since superoxide generation may be
important in determining the extent of tissue necrosis (e.g
through xanthine oxidase action in areas of the flap subject
to ischemia then reperfusion). This model will also offer

the opportunity to assess the relative activities of other
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putative protectants against reperfusion injury, e.g.

allopurinol.

8.6 DRUG DELIVERY SYSTEMS

r
The demonstration of enhanced anti-inflammatory effect

of cortisol following esterification and incorporation in
liposomes demonstrates an approach of potential value for
systemlc treatment of severe inflammatory disorders. The
current practice of administering intravenously large
"bolus" doses of corticosterolds to patients with severe
uncontrolled inflammatory disorders (e.g. systemic lupus,
rheumatoid vasculitis) suggests a place in which a trial of
jntermittent intravenous injection of cortisol liposomes

could be undertaken.,

Before proceding to a clinical application further
animal studies are required to ensure that the enhancement
of potency of anti-inflammatory effect of cortisol in
liposomes 1s not accompanied by a parallel enhancement of
unwanted effects. In particular, dose response
relationships for effects at sites other than the
inflammatory focus (e.g. thymic involution) need to be
established. Correlations should be sought between
observed effects (including anti-inflammatory effects) and

pharmacokinetic studies. (Plasma clearance and tissue
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distribution studies were attempted using 3H—cortisol
palmitate liposomes but the specific activity of the
radio-labelled preparation was not sufficient to provide
meaningful data). A further experimental approach Involves
assessment of relative potenciles of free’gortisol (and other
anti-inflammatory corticosteroids) and liposomal cortisol
upon the hypothalamic- pituitary - adrenal axis after acute
and chronic dosing. For these studies to be undertaken in
rats an assay for corticosterone 1s required since this is

the dominant glucocorticoid in the rat.

Conversion of a pro-drug to an active form at sites of
inflammation could provide an effective drug targetting
system in which unwanted effects of an agent (at other
sites) could be minimised. In order to achieve this
localised conversion it may be necessary to employ a
metabolic process unique, or at least largely confined, to
the inflamed site. 0xy radicals produced by the surface
membrane oxidases of activated leucocytes could provide such
a mechanism. However oxy radical production 1is not
restricted to these oxidases but also results from activity
of ubiquitous microsomal enzymes, including the cytochrome
P450 oxidase/reductase system and cyclo-oxygenases., Thus
oxidative conversion of pro-drugs by oxy radicals may not be

restricted to inflammatory sites sufficiently to acheive

desired localisation of drug conversilon. Although evidence
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for conversion of salicylate to gentisate in inflamed joints
was not obtained, raplid equilibration of these compounds
between synovial fluid and plasma may have masked this
event. It thus remalns possible that salicylate may be
converted by oxy radicals within inflamed ;pints to
gentisate and (possibly 2,3 dihydroxybenzoic acld). These
diphenol derivatives of salicylate may be far more active
(e.g. as hydrogen donors) than salicylate in some metabolic
systems., If these derivatives have important metabolic
effects then salicylate may be seen as an OXy
radical-convertible pro-drug for gentisate/ 2,3
dihydroxybenzoate. Further studies are required to examine
the effects of gentisate/ 2,3 dihydroxybenzoate upon
metabolic pathways (e.g. electron transport systems) where
increased activity relative to salicylate might be seen.
Also further studles are required to seek enzymatic systems
which may account for metabolic conversion of salicylate to
gentisate by mechanisms other than putative oxy radlcal

attack.
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