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ABSTRACT

Inflammation is a response to injury rnediatd through a

complex of inter:acting systems. Clinical disorders may

result when lnflamnatiorr ls persistent, uncontrolled or

inappropriately triggered.

0xy radie.als are reactive oxygen-derlved molecules.

Their gener:atlon by ac.tivated polymorhonuclear (Pl'tN)

leucocytes and macrophages constltut.es part of the normal

def ense against mic.robial invasion. The hÍ.gh reactivity of

these molecules rnakes them likely to be (a) cont,ributors to

tissue damage occurring in chronic inflammatory disorders

(e,g. damage to joints of patlent-s with rheumatoid

arttrrl,tis), and (b) a rnajor lnf luence on the metabolJ-sm of

cells ad jacent to thelr sltes of pr:oductlon. Stud-Les were

undertaken in order to ( i) obtain a better understanding of

contrlbute to chronlcthe qrays in which oxy radicals may

inflanmatlon and ( ii) establish a basl.s for ner/ approaches

to treatment of inflammatory dlseases.

Leucocytes obtained from inflamed

wl-th rheumatoid arthrltl-s \^/ere shown to

chemiluminescence following approprlate

suggesting an Lntact meciranism for oxy

these ceI1s.

j oints of patients

produce a burst of

stlmulatlon,

radical production in
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Studies of the mechanisms of pr:oduction and inhibltíon

of ef f ects of oxyradicals \^/ere under taken. Prod uction of

radicals r^ras acheived (a) erìzymatically and (b) non

enzymatically. Oxy radical effects r¡/ere monitored by (a)

hydroxylation of salicylate measured spectrophotometrieally

and (b) degradation of hyaluronlc acid measured

viscometrLeally. The need for iron in a suitably chelated

f orm f or t-he pr:oduction of the most Potelìt oxy radical 
'

hydroxyl radical, \^/as establlshed. Ttre inhibitory activity

on oxy radlcal effects of ( i) antl-inflammatory agellts , ( ii)

oxy radLcal ellminating enzymes ( superoxide dismutase ( S0D) '
catalase) and ( fif) anti-oxldants rnras established in the

above systems. Of particular interest was an observed

enhancement of non-enzymatie hydoxyl radical produetion Seen

with some concentrations of penicillamine, a thlol

containing anti-rheurnatlc agent- .

SOD tras been claímed to pos sess antl-1nflammatory

effect and this agent \das studied. Intravenously

admlnistered SOD \r/as rapldly cle¿rred from plasma (Lt/Z 4-6

minutes) and lacked anti-inftaümatory activlty.

Glutaraldehyde-crosslinked conjugates I¡Iere formed comprising

SOD and albumin or SOD alone. These conjugates retalned

60-707. of enzymatic activlty of constÍtuent S0D. Plasma

elearanee of S0D ar:tl-vlty followlng lntravenous lnjectlon



xv

of conjugates r¡ras greatly prolonged (t,t/Z up to L2 hours).

S0D-homolngous albumin and S0D-SOD conjugates lnjected

intravenously had pot-ent antl-inf lammatotîy ef f ects in rats.

These*effects may not rrecessarily be attributable to their

S0D activity because an anti-inflanmatory action was also

seen with conjugates of alburnin alone formed by the same

method in absence of SOD.

Arachidonate metabolism, which leads to the production

of oxylipids with potent pro-lnflammatory properties, may be

enhanced indirectly by oxy radical production.

Arachldonate metabolism is most comprehensively tnhl-blted by

anti-lnflammatory corticosteroids, but t-he use of these

agents for therapy 1s liml-ted by unacceptable unr^ranted

effects. A drug carrler system comprislng cortisol

palmitate in liposomes, designed to enhance deliver:y of

cortisol to phagocytic leucocytes, r^ras f ound have.l0-f old

greater potency than a soluble cortisol preparation when

given by l-ntravenous 1n j ectlon.



CHAPTER 1

LITERATURE REVIEI,ü

INTRODUCTION: Bioloey of Inflammat,lonl.l

Inflammatlon lnvolves a

be invoked by tissue damage,

serles of

rnLcrobLal

responses which nay

invasion, or Èhe

presence of agenÈs perceived as forelgn (anÈigens). The

lnflammat.ory response musÈ be sensitÍve Èo approprlate

sÈimull yet be nelÈher excessively responsíve nor

inappropriately triggered. As tf to accommodate Èhese

requirements, lnflammaÈ1on Ls medlaÈed by networks of

cel1ular responses and a series of inÈeracting

self-regulatl-ng humoral (extra-ce11u1ar) cascades.

Cellular responses lnvolve multiple cell types and are

subject Èo lnter-cellular communicaÈ1on and feedback

conÈro1. BoÈh peptide facÈors ( I ,2 ,3 ) and oxyliplds ( e .g .

prostaglandins, leucoÈrÍenes) (4 15 ) are lnvolved in the

orchestratÍon of cellular responsês¡ SinilatLy,

sub-populaÈions of cells wlth boÈh suppressfve and enhancing

actlons have been demonstraÈed, a phenomenon best

characterized in Èhe lynphocyÈe subsets (6).

Exanples of humoral networks involved ln inflammatJ-on

include the complement sysÈem¡ pEotein medfaÈors¡ ê.$.
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plasmln (requÍrl-ng activation by Proteases and subjecÈ Èo

tnhtbiÈ1on by pepËtde inhlbiÈors), Èhe kfnin

clotÈing / a¡tlcoagulanË networks (7).

system and the

AnÈibodfes play an imporÈanL role as sPeclflc inducers

of inflammaËion ln the presence of their naËching antigêIls ¡

Antibodles may also be lnportanÈ as suppressors of

inflammaÈion as seen with feedback fnhtbltlon of anÈl-body

producËion t.hrough acÈfons of anti-idiotyplc antLbodies

(dÍrecÈed agalnst specific antigen-blnding siÈes of

immunoglobulins) (8). RheumaËoid factors (antibodies with

specificity for Fe portions of ímmunoglobulins) may be

self-aggregating and cornplemenÈ fixlng thus actlng as

non-speclfic arnpliflers or even perpeÈuators of inflammatÍon

(9).

Chronic inflammatory dfsorders may l-nvolve specific

organs / tJ-ssues or affecÈ mulÈiple systems. These dlsorders

are characÈerized by persf.stenÈ acÈive lnflammaÈion,

damaging to Èhe host and for whl-ch no PersfsÈ1ng microblal

agenÈ can be found. Examples of such disorders include

rheumatold arthriÈis, lnflamrnatory bowel disease and some

forms of lower resPLraÈory tract fnflammatlon. The noÈlon

of chronlc tnflammatory disease outlLned above excludes

those ehronlc infecÈions, such as leprosy and tuberculosl-s,

for whfch speciffc agents have been ldentified and for whlch
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appropriaÈe chemotherapy 1s now avaí1ab1e.

L.2 RHEU},IATOID DISEASE AND ITS TREATI"IENT

I.2.L General aspects

RheumaÈold arÈhriÈ1s Poses a particularly important

problem because it Ls (a) relatively common (10) and (b) may

result Ln serious, progressive joinË damage leading to joinÈ

failure, severe dlsconfort and loss of lndependence 1n

severely af f.LLcted Lndlviduals.

The cenÈral leslon in rheumaÈoid arÈhriÈLs Ls chronlc

uncontrolled fnflammation, prfrnarily localÍ-zed. to jolnts but

wlth evldence of sysÈemic inflarnmaÈ1on and variable

inflammatlon aÈ non-artLcular s1Èes (11). The inflammaÈion

of joinÈs in rheumaÈoid arÈhr1Èis is relatively suPerficial

and can Èhus be observed, and to an exÈentr quantified

(L2, l3 ) . Moreover, haematological and serological changes

accompanying rheumatold disease can be monltored

sequentially and normalization of abnormalities ls one

posslble outcome of anti-inflammaÈory ÈheraPy. Most agents

currenÈ1y used in the ÈreaÈmenÈ of rheumaÈoid arthriÈis

exert benefLclal effects as assessed by studies comparlng

groups of patients receivlng dlfferent ÈreaÈments (Lncluding

placebo therapy) . However, none of Èhe avallable agents is

beneftcfal Ln all patienÈs, and none is able to enÈlrely
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suppress rheumaÈold disease in more than an occasÍonal

paÈlent.

| .2.2 Anti-lnf lammatory agents

AnÈi-lnflammaÈory agenÈs currenÈ1y used in cllnlcal

practice may be subdivtded into Èhe following groups:

l.

2.

3

4

1.

Anti-inf lammaËory corÈico- s Èeroids .

Nonsteroldal anti-inflammatory agenÈ8 (NSAID' S).

Slow-acting disease rernLtting anÈ1-inflammaÈory drugs.

Cytotoxic agenÊs.

Antl-inflamrnatory sÈeroids are poÈenÈ lnhlbi¿ors of

lnflammaÈion. Their use as systemic agents is

associated wiÈh seríous dose-relaÈed unwanted effects,

which generally render Èhelr use unacceptable r excepÊ

tn low doses (14). Even aE low doses (less Èhan 10 mg

per d"y) adverse effects are reduced rather Èhan

ellmfnated. Also steroÍds, while supPressf-ng

inflammatlon (at least on a short-Èerm basis) may not

reÈard the desÈructive effects of rheumatold

lnflammation. (InÈermlÈtent 1nÈra-artlcular injecÈions

of depoÈ steroLd PreParations has a place in Èhe

Èreatment of locallsed jotnt lnflammaÈion.) An

advantage would accrue for t.he Èreatment of generalised

polyarthrltis, however, if 1Ê were PossLble Èo target
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anÈl--lnflamnatory sÈeroids Èoward Èissues/cel1s uPon

which their effecÈs ütere wanÈed and Èo direct Èhem a!üay

from tlssues/cel1s upon whLch effects of Èhese agents

is undesirable.

2. NonsÈeroidal anÈi-inflammatory drugs provlde paln

relief and reduce Èhe swelling of rheumaÈold dlsease.

They have not been shown Èo PrevenË destruction of

joint sÈructures fn rheumatoid disease. UnforÊunely,

Èhetr use Ís assoclaÈed with a high lncidence of uPPer

gasÈro-Íntestlnal intolerance ( 15 
' 
l6) . Both Èhe

anti-inflammatoxy/analgesic effecÈs and Èhe gastrl-c

irriÈancy of non-sÈeroidal antl-lnflammatory analgesics

appears attributable to Èhel-r action as lnhiblÈors of

prostaglandfn HZ synthetase (17).

3 . Slow-acÈing disease-remiÈting agents, i.e.

anÈi-malarlal agenËs ( 18) , gold complexea ( 19 ,20) ,

penlcfllamÍne (20r2L), have sÈriklng beneficial effeeÈs

in a minoriÈy of PatlenÈs and are of some benefLt to

approxLmaÈely 501¿ of patienÈs receiving any given

agenÈ. UnfortunaËe1y, some paÈÍents recelve no benefit

fro¡n these agenÈs and many patfenÈs recefving gold and

penicillamlne suffer unwanted effecÈs dicÈating the

wl-thdrawal of therapy. AnÈi-malarLals ate assoclated

wLth infrequent buÈ poÈenÈia11y serlous ocular
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toxÍcity. Gold and penicilla¡nine ftequenÈly cause

rashes and mouÈh ulcers, not infrequenÈ1y cauae

nephrotoxicÈy (usual1y reverstble) and may cause

poÈenttally lLfe-threatening marrofi suPPression. A

furÈher disadvanÈage of these agenËs l-s a requiremenÈ

of Èhree to sÍx months of ÈreaÈment before a resPonse

can be dlscerned.

4. CyÈotoxic agenÈ8, ê.g. azathioprine, cyclophospharnf.de,

have been shown Èo 6uPpress rheumatold lnflammaÈÍon

(23). InÈolerance is common aÈ doses required Èo

achieve an antl-inflammatory effect. The Possible

effects of these agents on reProducÈLve funcÈLon and

reports of rralignancles 1n some patients receivLng

Èhese agents are serious concerns nillÈaflng agalnsÈ

theLr use, parÈlcularly Ln younger paÈfents, except in

cases of severe progresslve dlsease not responslve Èo

other ÈheraPies.

1.3 NE!I APPROACHES TO TIIE TREATMENT OF INFLAMMATION

ItlsapparentfromÈheabovethatcurrenÈlyavallable

chemoÈherapy for rheumatoid arthrltLs has consfderable

shorÈ-comlngs. In atÈempting Èo achieve more effective

ÈreatmenÈ of rheumatoLd arthriÈis (or oÈher chronic

inf lammatory dl-sorders) a number of general- apProaches may
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be taken.

1. Isolatfon of causaÈfve agentsr allowing (a) PrevenÈlon

through vacclnation or oÊher measurea or (b) ÈreaCment

with a specific microblocidal agenÈ. To daÈe thl-s

approach has meÈ 11¡nf ted succes s .

2. To ldenÈify defecÈs fn Êhe modulation or control of

tnflammation, efther lntrinsic or triggered by an

acquired agent, whLch may be amenable Èo remedlal

acÈion. A most promislng area for Èhis approach is

offered by Èwo recenÈ1y described (and LnËer-related)

pro-LnflammaÈory systems of activaÈed leucocyÈes: (a)

oxy radical productfon (24r25r26) and (b) lipoxygenase

paÈhways of arachidonate meÈabolism (4). A beÈter

understanding of Èhese systems should Iead to Èhe

developmenÈ of netJ therapeutlc agents vtl-Èh more PotenÊ

or novel anti-inflammaÈory effects.

3. To lmprove the performance of existlng therapies

through improvemenÈ of the extenÈ of beneficial effecÈs

relaÈlve to unwanted effecÈs. This general approach

may be undertaken in a number of r{ays:

(a) Chemical nodiflcaÈ1on of exisÈing agenÈs. The

avaÍ1abi11ty of nulÈÍp1e NSAID's for clfnl-ca1 use
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reflecÈs the applicatlon of thls approach.

RegretÈab1y, 1t has Proven dlfficult Ëo dlssociate

wanted anÈf-inflammatory effects from unwanted effeets,

particularly gastrlc lrrlÈancy ( I5 , I6) .

subsequenÈ1y converted Èo an acÈive

agenÈ Ín vÍvo (27).

(c) UtilLzatLon of sPecific ÈargetEing sysÈems

(b) Formatlon of

absorption ( thus

Èoxiclty) and are

deslgned Èo

drug action

Èhese s1Êes

pro-drugs whlch

mfnimlzLng upper

are ÍnacÈlve prior Èo

gastro-lnÈesÈfnal

carry drugs to select cells or sites where

ls wanÈed¡ oË to better retain drugs at

(28,29) .

1.4 OXY RADICALS AND INFLA},TMATION

I .4 . I DeftnlÈion of oxy radlcals

The term oxy radical is used Èo encompass several

reactfve oxygen-centred species (30). The oxy radÍcals

lnclude superoxide anion , oZ ' , and hydroxyl radical, oH'',

whlch are Èrue radicals, L.e. have an unpaired ouÈer orbiÈa1

electron. Also lncluded are hydrogen peroxide, HZQZ, and

stngLet oxygen, 'or, which, alÈhough not true radicals, are

potenÈ oxygen-cenËred oxldants ofÈen produced contenporarLly



9

oxy8en,

Ls thus

rad ical s

¡sfÈh the other oxy radlcals. In blologLcal sysÈems oxy

radlcals are often produced through sequentÍal reactLons (¿o

be descrlbed), and are llkely to produce composite or

addlÈlve effecÈs. Accordingly t'oxy radlcals|| Provides a

valuable generic Èerm wiÈh whl-ch to deseribe thfs group of

reactlve Oxygen-cenÈred specles. Ground staËe molecular
?"Or, has È\ùo unpalred ouÈer orblÈa1 electrons, and

a d1-radlcal, but ls less reactLve than the oxy

and Ls not encompassed by Èhe term.

L.4.2 Oxy radlcals and cell metabolism

Cells capable of 1lvtng in an aerobic envlronment,

including facultaÈive anaerobes, are endor¿ed wlth

cyÈoplasmlc enzymes whfch ellminate suPeroxlde (superoxfde

dÍsmutases (SOD)) and hydrogen peroxlde (catalase,

peroxidases), whereas sÈrLct anaerobes lack these enzymes

(3I). Three faurilies of SOD have been deflned: (a)

copper- zLnc SOD found 1n the cytoplasm of eukaryotic cells

(32), (b) manganese-containing SOD found in mltochondrla

and procaryotes (33) and (c) lron containing S0D found in

certaln bacÈeria (3 4 ) . !'lf thin each f amlly of SOD a high

degree of sequence homology fs seen between specles (35).

The exÈenÈ of thLs hornology seen wlÈh SOD from cells as

widely separate phylogeneÈLca11y aa mammalian cells and

bacterla, highllghÈs Èhe importance of SOD for survLval ln

oxygen-meÈabolisfng cells. GrowÈh of some bacteria ln a



10

hyperoxfc envlronmenÈ fnduces soD activi.ty (36). IÈ has

been concluded on the basts of these observatlons that Èhe

lntracellular productlon of toxic oxy radlcals ls an

fnevlÈable accompanfmenÈ of metabolÍsn of oxygen, and ÈhaE

enzymes are required for Èhe ellrnlnation of oxy radicals

produced wiÈhin cells (31).

1.4.3 LeucocYte oxLdaÈive bursÈ

Phagocytic cells (polymorphonuclear (PMN) leucocyÈes

and monocyÈes/macrophages) are distinctive in that Èhey have

the capacity t,o secrete superoxlde extracellularly and into

phagocytlc vesicles Èhrough Èhe actLon of an

externally-orienÈed surface membrane ox{dase (24 )25 ,26) .

IntacÈ functlon of Èhis enzyme is lmporÈant Ln defence

agaLnsÈ cerÈain bacÈerial lnfecÈfons, as shown by Èhe

susceptibllitles to fnfecÈion of chfldren wlth chronlc

granulomatous dlsease who Iack leucocyÈe surface membrane

o-xidase acÈLvlty (37).

In vltro st,udfes have shown that PMN leucocyÈes and

mononuclear phagocytes secrete superoxlde lons ln response

Èo a number of sÈlmulL, and thaÈ superoxlde producÈion fs

but one of several inter-related meÈabolic evenÈs. The

Èerm ttoxldatLve bursÈt'has been used to encompass these

evenÈs comprLsLng (a) Lncreased oxygen upÈake, (b) secret,lon

of superoxf.de fons by the surface membrane oxfdase whLch
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utill.ses NADPII as co-f actor, (c) lncreased hexose

monophosphate shunÈ acLivlÈy (whtch replenishes NADPH)r (d)

hydrogen peroxLde productlon (e1Èher direcÈIy or through

spontaneous disurutaÈLon of superoxi.de) ( see below) and ( e)

chemllumfnescence ( cL) (24 r25 ,26) . Luminol-amplifted cL

generated by sÈimulated Pl4N leucocyÈes may be used as a

convenienÈ measure of oxldaÈive burst actlvlÈy (38).

Factors shown to stlmulate the oxidaÈive burst ln viÈro

include opsonized particles, parÈlculaÈe and soluble immune

cornplexes , Èhe cornplement f ragment C5 a, the synthetlc

chemotacÈic pepÈlde N-f ormyl-methlonyl-1eucyl-phenylalanine

(FMLP), and cerÈain lecÈlns and chemicals (39).

PMN leucocytes reach the synovlal fluld ln large

numbers ¡,rhere they consËltute Èhe dominant cell ÈyPe (40).

0xy radfcals, which are produced durlng the oxldatLve bursÈ,

have been shown to degrade hyaluronLc acfd and reduce Èhe

vLscoslty of synovial flutd (41)' depolymerize DNA (42) and

cause peroxidaÈion of phospholiptd membranes (43) and may

thus play an imporÈant role l-n the Èlssue daurage occurring

ln inflamed jolnts and at other sites of inflammaÈ1on. In

general, agenÈs whfch sÈLnulate Èhe oxidatl-ve burst also

sÈÍmulaÈe phagocytosis and degranulaÈion of lysosomes (24),

Thus oxldatLve bursÈ acÈ1viÈy aÈ inflaned s1Èes is likely Èo

be assoclated wLÈh lysosomal enzyme release. Several

degradatlve enzymes¡ ê.8. plasminogen/plasnin, collagenase,
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require activaÈion exÈracel1ular1y (44r45). A possible

effect of oxy radical production on mechanisms of actfvation

of these pro-enzymes ln synovial fluid has not been subjecC

to sysÈemaÈic study. The Presence of effectl-ve Protease

inhibÍrors in lnflaned synovial flufd (46), and other body

fluids may resÈrlcÈ Èhe activfty of these enzymes Èo

secondary phagocyÈfc vacuoles and other rrprivllegedrt s1Èes

where these inhlbitors are excluded. However, oxy radicals

may be responslble for lnactivatlon of cerÈafn proÈease

tnhfbltors, for example, through irreverstble oxidatfon of

alpha-I antlproÈease (47 r48r49).

L.4.4 l"feehanisms of producËion of oxy radicals

NADPH-oxidase ls a trans-membrane Proteln utllt-zLag

intracellular NADPH (supplied by hexose monophosphaÈe shunt

activtÈy) Èo provide reducLng equLvalenÈs to effect

monovalent reductlon of oxygen (24 r25 r26) . The first

product,,superoxide fon, 1s released either Lnto the

extracellular space or into phagocyÊlc vesicles.

oz + NADPH ->

Superoxlde dJ-sproporÈlonates to hydrogen peroxLde and

oxygen, either spontaneously or more rapl-dly by enzymaÈfc

dlsmuÈaÈlon wiÈh one of Èhe fanl1y of superoxfde dismuÈases

( soD) .

+ 2II+

reacÈs wfth

++oz-' o2-' Hzo2

In vlÈro hydrogen peroxlde ferrous lons t,o
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generaÈe the very reactfve hydroxyl radLcal (Fenron

reactLon).
2+ + + OH'+FeFe Ãz

3+
oz

In the

Ln the

Èhen agaLn

cyele.
p"3*

presence of a

Fenton reacÈ1on

reacÈ with

superoxlde f1ux, ferric

are reduced Èo ferrous

peroxlde Èo compleÈe a

ions produced

ions whlch can

catalyÈic

2+
+

2

Thus mlcroconcentratLons of iron (1 uM or less) tn a

suiÈab1y available form are sufflcient to generaÈe hydroxyl

radLcals 1n the presence of a superoxide ion flux. A

variety of lron chelators lncluding endogenous agents (e.g.

ADP, ferrittn) may supporÈ ÈhLs reaction (50r5I).

Non-enzymatÍc autoxÍdatfon of lron has also been shown

to generate oH' or a simllar htghly -reactlve oxy radical

(52r53154r55), and thts reaction 1s suPported by

lron-contaf.ning proÈeins such as ferritin, lacÈoferrln and

transferrin (51r56). Such reactlons could occur 1n vf.vo and

under condlÈions of generalised or locally Lncreased iron

deposftlon (e.g. the inflamed Jofnts of patLents wLÈh

rheumaÈold arthrft.is) (SZr58), and may be further promoted

by Èhe presence of physlologlcally available reducing agenÈs

(e.g. reduced glutathlone and ascorblc acld), whlch are

capable of reducing lron from the ferric to the ferrous

oz+o
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form, followed by the subsequenÈ autoxidaÈ1on of Fe

concomlÈant oxy radlcal productlon (59).

2+ wlth

The cenÈral roles of iron avallabLLLtyl sequestration ln

allowtng/preventlng the producÈlon of the most poÈenÈ

oxldanÈ, hydroxyl radical, dictaÈes Èhat iron be effecÈlvely

separated from superoxide lons Ln orgAnlsms llving in an

aeroblc envlronmenÈ . In the early 1960s , ì'luirden (5 7 )

documenÈed fncreased iron deposlElon as ferritln ln synovium

from rheumaÈold joinÈs and speculated on the posslble role

of iron fn perpetuaÈing rheurnaÈotd inffammation. Blake and

co-workers (60) have recenÈly renevred these speculatlons ln

the lighÈ of current Èheorles about the role of l-ron l-n

catalyzl-r'g generaÈ1on of oxy radicals ln biological

systêrtrs o

1.4.5 Oxy radlcals and hyaluronaÈe depolymerisaÈ1on

ì4cCord first demonstraÈed a reductlon in viecoslÈy of

(a) bovlne synovfal fluid and (b) hyaluronlc acid (HA)

solutions following exposure to an enzymaÈ1ca11y generated

superoxfde flux Ln vlÈro (61). Using a sfmple tube

vLscometer, he observed thaÈ vfscosity reducÈion was

lnhlbited by superoxide dlsmuÈase, caÈalase and mannitol,

and suggesÈed Èhat hydroxyl radicals (Ott') depolymerize Èhe

polysaccharlde componenÈs of the synovial fluid. HalliweIl

confirmed these findings uslng HA solutlons and demonstrat,ed



r5

the dependence of Èhe observed reducÈ1on of viscoslÈy uPon

rhe presence of iron salts (62). Greenwald and ÌIoy (4I)

recenÈ1y publlshed more detailed studles 1n which Èhey

showed thaÈ expoaure of IIA solutLons Èo an enzymaÈlcal1y

generaÈed superoxÍde flux not only reduced Èhe viscoslty of

Èhe solutions buÊ also rendered the HA suscepÈfble Êo

furÈher degradaÈlon by lysosornal enzymes. They emphaslsed

Èhe lmporÈance of this ftndfng by sÈresslng t.he lack of

convinclng evidence of Èhe exfsÈence of a hyaluronldase

enzyme in pathologlcal jotnt fluf-ds, in splte of the

frequent flnding of reduced synovial fluld vfscoslty in

LnflamnaÈory joint dlseases (40 r63 ) . They furÈher

emphaslsed Èhe relevance of Èheir in vitro flndLngs Èo

changes occurrlng in inflamed jolnts by documentlng a

reductlon of vlscoslty of HA solutÍons followLng exposure Èo

acÈivaÈed PMN leucocytes, and demonsÈraElng lmpalrment of

collagen gelaÈion following exposure- of eollagen solutLons

to an oxy radical flux ftt a!!g (64).

L.4.6 Oxy radÍcals and anti-inflanmaÈory agenÈs

It has been proposed that some anÈi-inflarnrnatory drugs

may exert thefr therapeuÈ1c effects by inhlbltlng the

productfon of oxy radlcals or by abrogating the effect,s of

oxy radicals on Èlssue comporients. Studies designed to Èest

Èh1s hypotheslB have been largely concerned wiÈh oxy

radtcals produced by fntacÈ cells (65 ,66 r67 r68 '69 ,7O ) or
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produced enzymatlcall-y by Èhe acÈJ.on of xanthine oxldase

(xo) on LÈs substraÈe hypoxanÈhf-ne (ttx) or xanthf ne (66 
'71).

The xo/HX system J.s slmilar to Èhe surface membrane oxldase

responstble for Èhe secretion of oxy radlcals by PMN

leucocyÈes ln ÈhaÈ they are both flavoproÈelns and produce

superoxlde lons as a prf.mary product. This enzymaËlc sysÈem

accordingly provldes a useful experlmenÈ41 model in which

superoxfde productlon, by mechanisms broadly sf.milar to Èhe

superoxlde producEion of PMN leucocyÈes, can be sÈudied in

LsolaÈion from oÈher cellular events. In splte of the

potentlal bfological relevance of non-enzymatic oxy radical

producÈÍon (outllned above in L.4.4), Èhe lnfluence of

anÈ1-lnflammaÈory drugs on HA degradation by Èhls mechanisn

had not been sysÈemaÈ|cally sÈudied prior to Èhe experÍnenÈs

descrtbed ln this thesis.

L.4.7 Salicvlate. senÈfsaÈe and oxy radicals

Acetylsalicyllc acid (aspirl-n) and lts prlne

metabolite, sodium salicylate, are among Èhe first agents Èo

be shown to possess a clinically useful anti-fnflammaÈory

actlon. Following oral admLnistrat,lon¡ åsPLrln is rapidly

deaceËylared to salicylate (72>, Èhe najor rnetabolLte of

whj-ch is salicyluraÈe (73). Snaller ProporÈions (less Èhan

2%) can be ldenÈlfted ln plasma and urlne as genÈisate (2 15

dJ-hydroxyben zoaLe) ( 7 4 ) .
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OxLdatlon of sallcylaÊe (2-hydroxybenzoaÈe) followf.ng

producÈl-on of hydroxyl radicals 1n vLÈro results 1n a number

of products depending upon the slte of Èhe benzene rfng

aÈÈacked by hydroxyl radicals (75). GenÈfsaÈe and

213-dlhydroxybenzoaÈe (but not 2r4- or

2r6-d,lhydroxybenzoaÈes) have been detected uslng Èhln layer

chronatography) following exPosure of salfcylate ln vltro Èo

an oxy radlcal flux generaÈed by ascorbaÈe and e1Èher oxygen

or hydrogen peroxfde in the presence of Fe(III)-EDTA (75).

Dlphenol products of salicylate oxidatÍon with an orÈho

configuration (presurnably 2'3-dlhydroxybenzoaÈe) can be

detecÈed specÈrophoÈometrlcally following chelaÈ1on w1Èh

tungsten (76). This lat,Èer assay has been used ln Èhe

present sÈudles to examine the effects of antL-lnflarnmaÈory

agents, anÈi-oxfdants and oÈher reagents of 1nÈerest on

hydroxyl radl-cal f ormation and react,fvity.

A hfgh performance liquid chromatographic (HPLC) method

has been developed (77) which allows slmulÈaneous assay of

sallcylaÈe, sallcylurate and gentisaÈe ln plasma samples

from patfenËa receiving sallcylate therapy. Synovial flutd

genÈlsat,e levels have not been reported and studLes hlere

undertaken Èo determLne the degree of correlatlon beÈween

plasma and synovlal fluid gentisaÈe in patlenÈs Èakfng

anti-lnflammaÈory doses of aspirln/salLcylate. These

studies soughÈ (a) evidence for peripheral conversLon of
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sallcylate to genÈtsate which might reflect oxidaÈion of

salicylate by oxy radLcals generaÈed ln inflamed jolnts and

(b) to compare plasma and synovlal fl-uld concentratlons of

genÈisate wfth concenÈraÈions of genÈlsate shown to possess

an anÈl-oxldanÈ effect as determined by fnhibitfon of oxy

radlcal assocLated chernlluminescence (78).

I.4.8 Effects of oxy radicals on cell metabolÍsm

The way 1n which endogenous oxidants may lnfluence the

ureÈabo1lsm of hosÈ Èissues ls poorly undersÈood. Hydrogen

peroxf.de is cyÈotoxlc t,o cells ln Èissue culÈure ( 79 ) and

has been trnplfcated ln leucocyte-mediated desÈructfon of

cultured cells (80 r8I) , although simflar conditlons may noË

necessarlly prevaÍ1 1n vfvo where caÈalase and other

poÈenÈiaI anri-oxldants are very wf.dely dLstrlbuÈed.

Superoxlde fons show slnilar ,þ vitro cytoÈoxiclty, buÈ thfs

effect can be attrlbuted to derived hydrogen peroxlde (belng

inhlbited by catalase but not by superoxide dlsmutase)(82).

Degradatlon of 'DNA by oxy radfcals generaÈed enzymaÈLca11y

þ ¡1!!¡9 has been demonsÈrated (83) but the blologlcal

slgnlfLcance of Èhls observatlon 1s not cIear. The

pathophystologlcal effects (e.g. oIl cartilage meÈabollsrn) of

hyaluronic acid degradatlon in inflamed joints, whlch nay be

effecÈed by oxy radicals, remalns to be established. Also

of lnÈerest Ís the recent observaÈion of covalenÈ bonding

Èhrough diEyrosfne ltnkages of immr.rnoglobulfn molecules
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fsolated from rheumaÈotd jolnts (84). SlnLllar covalently

bonded IgG aggregates can be forned in vlÈro usfng a

myeLo-peroxidase/hydrogen peroxf.de sysÈen (85). Thus

rheumaÈoid lnflammation may be amplifted or PerpeÈuaÈed by

oxldanË-lnduced formaÈJ-on of lmmunoglobulLn complexes t whlch

may induce rheumatoLd factor productlon and/or ffx

complement, or activate leucocytes (in turn promotlng

generaÈion of more oxldants) (85).

unsaturated f.at|y acids are partlcularly suscepttble Èo

oxidaÈion and are oxldf-sed to Peroxldes and their breakdown

producÈs which rnay have potenÈ biologJ.cal Propertles.

Llpid peroxides and derived lipid alcohol6 may signlficantly

alÈer the physlco-chemlcal properÈies of cell membranes and

may t,hus slgniff.cantly a1Èer a varÍety of essential ce11

functions. Llpid peroxides also slgnifLcanÈ1y influence

arachfdonate metabollsm (these effects are dlscussed Ln Èhe

next section).

1.5 ARACIIIDONATE I"lETABOLISM AND INFLA}'IMATION

Arachidonate derivaÈÍves, €.g o prostaglandins (pcs) and

leukotrf enes ( LTs ) are esÈablished as irnporÈant rnedlaÈors of

inflammatlon. PaÈhways leadfng to the format'fon of PGs and

LTs and their relevant pharmacologlcal actions wlll be

revfewed, rltlÈh parÈfcular reference Èo posstble effecÈs of

leucocyte surface membrane NADPH-oxidase actfvlty on PG and



20

LT producÈion.

1.5 . t s nthesis of Prosta landins

Arachldonate release results from Èhe acÈlon of Êhe

enzyme phospholipas" A2 upon phosphattdyl choline (86)'

Arachidonate so released may be further meÈabolfsed by one

of two pathways, Èhe pivotal enzymes of whlch are (a)

cyclo-oxygenase (PGH2 synÈhetase), and (b) several specific

llpoxygêrêsês o

Cyclo-oxygenase converÈs arachidonate to Èhe

endoperoxlde PGH2 from ¡¿hich (a) the sÈab1e prostaglandlns,

(b) thromboxane and (c) prostacyclin, are derived. Thls

synÈhetase appears to have Èsro enzymatic sftes exhlbltlng

Èvro dfstlncÈ enzymaÈ1c acÈlv1Èles 1n the one dlscreÈe

proÈein ( 87 ,88 , B9 ) . The two actlvities are cyclo-oxygenase

acÈtviÈy and a peroxidase actlvlty. The cyclo-oxygenase

activlÈy results in formation from arachldonaÈe of Èhe

hydroperoxy-endoperoxide derlvaÈive, PGGZ. The peroxldase

acÈlviÈy reduces llpid hydroperoxLdes (ROOH) to ltpid

alcohols (ROH). This enzyme Èhus converta PGG2 to the

hydroxyendoperoxlde PGHZ, âD essentlal precursor of the

sÊab1e prosÈaglandLns. The cyclo-oxygenase enzyme requires

Èhe presence of small quantl-ties (10-8 M) of a 1lpid

peroxide for fts acÈivaÈlon and Èo mainÈain lts activlÈY,

whereas hlgher concenÈraÈlons of lipid hydroperoxldes may
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inhlbfÈ enzyme actfvLÈy. Lands has puÈ forward the concept

of ilperoxLde tonerr based on Èhis small, buÈ criÈLcal

requlremenÈ by prosÈaglandÍn synÈhetase (and llpoxygenase)

for ltptd peroxlde ( 90 r9 I rg2) . Under normal physlologlcal

conditions peroxldase acÈivlty (which may lnclude

gluÈathLone peroxidase) supPresses peroxÍde levels below

thLs crltfcal level and ProsÈaglandtn synÈhesis does not

proceed. Following activaÈion of leucocyÈe NADPIl-oxidase,

hydrogen peroxide is generaÈed and Èhus favours the

formaËLon of tipld peroxides. Accordingly ' actfvaÈion of

NADPH-oxJ.dase may inl-tlate arachLdonaÈe metabolism.

Furthermore, by depleting co-substraÈes (e.g. glutaÊhlone)

for hydroperoxide ellminating peroxJ-dases (92),

NADPH-oxldase may contrlbuÈe to mainÈenance of llptd

peroxlde levels that are requlred for arachldonate

metabollsm. FurÈhermore, hydrogen peroxide v¡hlch is a

relatively sÈable uncharged oxldant -and noÈ lonised at

physlologJ-cal pH, may dlffuse Èo other cells, tnltlaÈe ltptd

peroxidation and thereby act as a chemical messenger

effectlvely f-nduclng arachldonaÈe metabolisn 1n adJacent

cell s .

L.5 .2 ProstaslandÍns and lnflammaÈion

The importance of prostaglandLns, produced Èhrough

cyelo-oxygenase actÍon, ln lnflammation was esÈablLshed Ln

Èhe early I97Os through Èhe classlc studles of vane who
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correlaÈed the antL-tnflammaÈoryr anÈtpyretlc and analgesLc

effecÈs of aspÍr1n with Prostaglandin syntheÈase

(cyclo-oxygenase) lnhibJ.Èion (17). Of the first tdentlffed

biologically active prostaglandlns (e.g' PGE2, PGF2-rtptra)'

PGE, seemed esPecfally 1lkely to be an lmporÈant medlator of

lnflammaÈ1on through vasodllaÈory effecÈs and poËenÈLaÈion

of noclocepÈLve and oedema-J.nductng effecÈs of kinlns and

hÍstamine (5). PGE2 also has inporÈant effecÈs in nediatfng

bone resorption (93) and lnfluenceB rernodelling of

connecÈive tlssues (94). The Presence of PGEZ ln rheumatold

jolnts (95) and synÈhesls of PGE2 by phagocytic ce1ls (96)

and synovial explant culÈures (45) has been demoneÊraÈed.

More recenÈ1y, Èwo arachfdonate derivatives with futportanÈ

and antagonisÈic roles ln the maintenance of vascular

fntegriÈy have been described : (a) thromboxane AZ produced

by platelets and a promoÈer of platelet aggregatlon and

vasoconstrlcÈion; (b) Prostacyclin (-PGI2) r produced by

endoËhelial ce11s, an lnhibltor of plaÈe1eÈ aggregatfon,

(and disaggregaÈor of aggregaÈed platelets), and a potent

vasodllator. BoÈh thromboxane and Prostacyclfn are

produced by cells found outside Êhe vascular comParÈment aÈ

s1Èes of inflammatl-on €.go macrophages, and effects on

inflammatlon addttfonal Eo their effects on platelets and

vascular smooth muscle are Posstbl-e (97).
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r.5.3 SynÈhesls of leukoÈrlenes

ThelipoxygaseenzymesoxygenatearachidonicacidÈo

forrn hydroperoxldes at posLtÍons dlcÈated by theLr sPectfic

acrivfrtes (4). speciflc hydroperoxLdes may etthet (i) be

reduced (spontaneously or through peroxldase action) to

mono-hydroxy-eicosateÈraenoic acids (mono-IIETEs), or (ii) be

meÈabollzed enzymaÈtca11y Èo an epoxlde. In PMN leucocyÈes

the domlnant lipoxygenase is a 5-llpoxygenase and its

producÈ 5-hydroperoxy eLcosatetraenoic acid, (5-EPETE), is

converted to 5-HETE and a 5r6 epoxlde derivaÈive'

leukotriene Ar, (LTA4). In PMN leucocytes, LTA4 Ís converted

by a hydrolase Èo 5(S),12(R) diHETE (LTB4). In some cells

( e.g . pMN leucocytes , nononuclear phagocyÈes r rnast ce1ls) ,

LTA4 is converÈed by gluÈaÈhione-S-transferase Èo Èhe

sulphf.do-peprtde leukotrlene LTc4 which may be further

meÈabollsed t,o LTD4 and LTE . Slgniflcantly, in acÈlvated

PMN leucocytes Èhe 5-lipoxygenase pathway Ls consfderably

more acÈlve Èhan Èhe cyclo-oxygenase pathway, and mono-HETES

and leukoÈrienes are the domlnant arachidonate derlvatLves

(98).

soybean I5-lfpoxygenase like cyclo-oxygenase has been

shown Èo require the presence of llptd hydroperoxides for

actlvlty (99). If thl-s requirement for llpld hydroperoxides

exisÈs for the cytosollc ltpoxygenases of leucocyÈes, a

funcÈional link nay also exist between t,hese enzymes and the
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oxyradical-Producing leucocYte

whose action maY result ln the

peroxfdes.

surface membrane oxJ.dase

formatfon of (lfpfd)

1.5.4 Leukotrienes and I'nflanrnatlon

The leukoÈrlenes are Potent Pro-inflammatory substances

wiÈh activiÈl-es at concenÈraÈlons as low a" t0-10 M. LTB4

Ls a potenE PMN leucocyËe ehemoÈaxin and also medlates PMN

leucocyÈe aggregaÈfon and to a lesser extenÈ degranulation

(100). LTc4 and LTD4 (a) induce constrlction of smooth

muscle and are potent bronchial constrfcÈors and (b) cause

oedema through a dlrect effect on posÊ-capillary venular

permeability (1.e. possess slow reacting substancer SRS-A,

acÈiv1Èy) (101).

ImporÈant synergism may exist betÍIeen effects of

cyclo-oxygenase and lipoxygenase products at sites of

inflammation. For example, the potenÈ vasodilatory effecÈs

of PGIZ and PGE2 may potenÈiate oedema rnedlated by J.ncreased

vascular permeabllity e,ffecÈed by LTC4 and LTD4 (102). This

poÈentLaÈfon may be Particularly fmporÈant as Èhese

leukotrienes have vasoconsÈrictor effects, albeLÈ at higher

concentraÈlons than required for Èhelr effects on vascular

permeabLllty.
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I.5 .5 CorÈlcosÈerolds and arachidonate meÈabolfsm

AnÈ1-lnflammatory corÈlcosÈerofds lnduce the synthesls

by pMN leucocyÈes and macrophages of a peptide lnhibitor

(macrocortin, lipourodulin) whlch lnhlbfÈs the acÈion of

phosphollpas " A2 ( 103,104) . This enzyme catalyses the

release of arachidonate (and other'polyenolc aclds) located

aÈ the Z-position of phosphatidyl , chollne and Ls thus

plvotal 1n providlng precursor molecules for Èhe

prostaglandin and leuko¿riene produclng paÈhways ( 86 
' 
I05 ) .

The antl-fnflammatory effects of cor¿LcosÈeroids may Ëhus be

explalned by inhtbLÈion of both ProstaglandLn and

leukotriene production Èhrough tnhibitlon of phosphollpase

A^ acÈfvlÈy. In addiÈfon to liniÈatLons resulÈing from
¿

unwanÈed effects of sÈeroLds, the value of sterolds as

anÈi-lnflammaÈory agenÊs for rheumaÈold disease is also

mlÈigated by reÈurn of dlsease acÈivity after several monÈhs

of therapy at a constant sÈeroLd dos-e or severe exacerbatlon

of dlsease upon aÈËempÊed dose reductlon. The basÍs for

Èhese effecÈs is not well understood but may be related to

alteratLons 1n sËerold receptor expresslon (106'107) and/or

lncreased actlvlty of other enzymaÈÍc paÈhways leadlng to

arachJ.donate release ( 108, 109 ) .

I.5.6

the

a c Èlons

AcÈlons for novel agents

developrnent of novel Èhera peutic

synÈhesls of

agenÈs wiÊh

pro-lnflanmatoryaa (a) lnhibltors of
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leukotrlenes or (b) leukotriene antagonLsÈs, should provide

an advance l-n Èhe treatment of chronic lnflammatory

disorders, provided Èhat beneflcial effecÈs can be acheived

without unacceptable unwanted effects. The poÈenÈ1a1

advantages are hlghlighted by anlmal sËudies showlng

enhancemenÈ of leucocyÈe migraÈlon Èo inflamed sftes by

therapy with lndomethacin and other NSAIDs at doses

suf f icient to suPpress PG synÈhesis by rnore than 90i¿ ( 1I0) .

This lncrease in leucocyËe numbers Iùas inhlbiÈable by the

lipoxygenase f nhlbitor Btr{755 C, !.nplying that production of

chemoÈaxins by lipoxygenase PaÈhways may be Lncreased in the

presence of certaln concentraÈíons of NSAIDe.

Agents whlch acÈ to reduce ambienÊ levels of liptd

peroxldes (e.g. by scavenging free radicals) could

conceivably inhlbit both PG and LT synÈhesizlng pathways if

dellvered to tnflamed siÈes in sufficLent concentrations. A

beÈÈer undersÈanding of mechanlsms of production and

reactiviÈy of oxy radicals l-n inflamed tlssues ls one steP

in the developmenÈ of Èhis aPProach.
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SUPERoXIDE DISMUTASE ( SOI)

An È i-ox ldan t and anÈl-tnflammaÈorY effecÈs of

superoxide dlsmuÈase.

Cells living aerobically Possess intracyÈoplasmic

enzymes (e.g. superoxide dismustase, caÈalaee) whlch

ellminate oxy radLcals (3 1 ) ( see L.4.2) . However, extra

cellular flulds Possess relatively 1lÈt1e SOD or caËalaee

acÈlvLÈy (ltl). Thue superoxlde secreted by phagocyÈic

cells may result ln daurage Èo connectfve Èissue

macromolecules and 6urroundlng cells. Accordlngly, SOD in

a suitably avatlable form, mLght be able Èo abrogaÈe Èhe

damaging (pro-tnflammatory) effects of leucocyÈe-derlved oxy

radlcals. The effecÈlveness of thfs approach depends uPon

the exÈent Èo whlch oxy radlcal-lnduced damage 1s dependenÈ

on the presence of superoxlde ions actlng eiÈher as dfrect

Èoxine or indLrectly Èhrough producÈion of hydroxyl radicals

by a superoxide-drlven FenÈon reacÈLon. By contrâ6tt

damage nedLated by hydrogen peroxlde (a producÈ of

6uperoxlde dLsmutaÈton) or oxidant products of the hydrogen

peroxlde-myeloperoxide system (e.g' hypochlorlÈe ions)

should noÈ be lnfluenced by thls e.pproach (24,25) .

L.6.2 Therapeutfc admLnistration of SOD

SOD has a very short plasma half tÍme

exogenous SOD has 1itÈ1e antl-lnflammatory

(4-6 mLnuÈes) and

effecÈ unless
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glven ln mulÈtple doses over short Perlods (1I2). AÈtempÈs

Ëo fmprove Èhe blo-avaÍlabtlity of SOD have involved

conjugaÈ1on of SOD Èo macro-molecular carriersr ê.8. flcollt

dextranr polyeËhyLene glycol (ll3). lfcCord has shown Èhat

SOD in these conjugaÈed forms has prolonged plasma retenÈion

and enhanced anÈ1-inflammaÈory effects. CaÈalaee conJugaÈed

Èo Èhese cartfers had negligible anÈf-inflammatory effecÈs.

Effects of enzyme-free carrLers úrere noË rePorted.

I.6.3 OrsoteLn

An independent lfne of lnvestl-gaÈion has descrfbed the

use of a proÈe!.n isolaÈed f rom bovf ne 1lver, oËEoteln r noIÙ

known Èo be copper zLnc superoxlde dlsmustase, ln Èhe

t,reatmenÈ of a variety of hunan disorders. Dlseases for

whLch beneficial effects of orgotein have been claimed

Lnclude oaÈeoarÈhrLtfs (ft4rlI5), rheumatofd arthritls

( I 16) , multfple sclerosls ( I l5 ) and radiaÈlon cysÈlÈfs

( f f T r I l8) . Unf ortunately t,hese sÈudf-es, in general, have

been poorly designed and do not allow a meaningful

evaluaÈion of the claLned Èherapeutlc effecÈs. However t

Èhese sÈudfes and sËudle6 in anlmals (fI9) do seem Èo

lndfcate thaÈ orgoÈeln ls well toleraÊed when given by

r epea Èed tn j ec t lon lntramuscularl y , LnÈravenousl y ,

J.nÈra-artlcularly and even intraÈhecally.
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r.6.4 Soluble macromolecular proteln polymers

Remy and Poznansky have developed a sysÈem in whl-ch

heÈeroenzymes may be conjugated Èo homologous albumin l-n

excesB to.forn soluble crosslinked polymers wfÈh prolonged

reÈenÈLon of enzymaÈ1c acÈfvlty and negliglbLe

immunogeniclty (I20). AdapÈaÈ1on of thls method to PrePare

bovine liver SOD and raÈ albumin conjugaÈes for sÈudLes Ln

rats wt11 be descrlbed ln thís thesis. studles included

a6sessment of reÈent,ion of conjugaÈes and free enzyme in

plasma and pleural spaces, anÈi-l-nflammaÈory effects and

lmmunogenicLÈy.

L.7 LIPOSO}fES

I.7 .l General ro erties

Liposomes are lfpld spherules formed by dispersÍon of

phospholtptds 1n aqueous medla (I2t). These multilamellar

bodles, whfch vary fn sÍze upËo several microns Ln dl-ameter,

are reduced by hfgh energy sonicatÍon to unilamellar

veslcles of relaËively unlform diameter (20-50 nn) (L22>.

The veslcles comprlse an ouÈer ltpid bilayer surroundlng an

lnner aqueous space. Drugs can be lncorporaËed lnto the

veslcles either as solutes in Èhe lnner aqueous space or r in

Èhe caae of llpophilic substances, as comPonenÈs of Èhe

lipId bilaye t (29 , I 23 ) . IncorporaÈion of waÈer soluble

drugs ls relatively inefficienÈ since less Èhan 27" of a

soluÈion in which liposomes are dlspersed becomes enÈrapped
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Ì{Lthfn vesicles. Capture of llpophlltc subst'ances withln

rhe bilayer is Íax more efflcienÈ (100zrc lor hlghly

lipophlltc substances) and there 1s 11ÈÈ1e tendency for

ltpophtltc drugs Ëo leak from vesicles during storage (a

problem occuring wLth llposomes entraPPing waÈer soluble and

anphfpaÈhJ-c comPounds) .

1.7 .2 LLpo some s as drus carriers

Liposomes are blodegradeable and readLly neÈabolLsed

and accordingly have aÈtracted much attentlon as poÈenÈl-al

caxÊiers of drugs for sysÈemic use (29rI23)' Because

'liposomes are ParÈlculaÈe Ln naturer they become

coficentraÈed in cell s wiÈh well developed PhagocyÈf'c

function, such as Èhe mononuclear phagocyÈes of the llver

and spleen (L24 rL25 ,L26> . The use of If.posomes as a drug

del!.very system accordingly seems mosÈ promising ln the

ÈreatmenÈ of those dlseases ín which the affected tlssues

have a highly developed phagocyÈ1c function' Thls

conÈentfon is supported by Å9 viÈro sÈudles of Welssman et

aI (L27) shovring rnarkedly enhanced delivery of enzymes Èo

enzyme-deficientphagocyÈesfollowingencapsulationof

enzymes 1n fmmunoglobulln-coaÈed lipo8oItrês o In vlvo

ÈherapeuÈf.c trlals, comparing free and ltposome-encapsulaÈed

anÈfmony salts fn Èhe treaÈmenÈ of exPerlmenÈal

leLshmanlasls have also conflrrned ÈhLs expecÈaÈ1on

(128 rLzgrl30). Inflamed tlssues are also rfch in phagocyÈLc
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cel1e (e.g. macrophages and polymorphs).

encap s ulatlon of anÈi-fnflammatorY drugs

ln lnflarned tissues, ÈherebYl ocal L sa t ion

Èherapeut ic

Therefore llposome

uright lmprove their

enhancLng thelr

effects.

1.7.3 Cortisol palnltate llPosomes

Cortisol and related sterolds have Potent

anti-lnflarnmaÈory actlvity. UnfortunaÈely, Èhese effects

are acconpanled by serious dose-related toxÍc effects which

essentLally restrfet the use of sÈeroids as

anÈi-J.nflammaÈory agenÈs to PoÈenttally Life-threatening

' dlseases, characterfsed by fnflammaÈion wlÈhouÈ lnfectlon'

shaw er al ( 13I ) have shown thaÈ t.he palmltate esÊer of

cortlsol forms sÈable llposomes with dtpalniÈoyl

phosphatidyl chollne (DPPC). These lipoaomes hrere shown Èo

have enhanced antl-lnflammatory effecÈs, compared Èo free

corÈisol, when lnJected directly 1nÈo Èhe knees of rabbiÈs

wtth an experimentally-induced arÈhr1Èis (132). Prfor to

the studles described fn thLs thesis Èhe antL-inflammaÈory

effects of cortisol palnltaÊe liposomes given systemically

had not been sÈudied.
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1.8

1.8.r

ANIMAL MODELS OF INFLA}ÍI4ATION

General asPecÈs

Although rheumatoid arthritis Ís sufffclently

quanÊiftable to al1ow meanlngful asaessmenÈ of

anti-lnflammaÈory effects of chemotherapeutic agenÈs t animal

nodels of inflammaÈLon are requlred for:

a) In depth studies of mechanfsms of LnflammaÈion.

b) EvaluaÈfon of effects of agents on speciflc aspects of

inflammaÈorY resPonses.

c) Prellminary assessmenÈ of efficacy and ÈoxiciÈy of novel

agents.

Also anLmal studies allow conÈrol of variables such as

genetlc background, nutrftton, sÈage of dlsease, lniÈ1a1

severlÈy of dlsease, which dÍnLnLsh Èhe power of clLnlcal

st,udles.

Several anLmal models of lnflammaÊLon are avallable.

No sf ngle model closely mf.mlcs rheumaÈoLd dlsease.

Indlvtdual models are suLted f.ot assessment of cerÈain

aspects of inflamnatory resPonses and most lnformaÈlon is

achleved by uslng several models to yfetd complementary

fnformation. A brLef descrlpÈion of 6ome nodels and their

advanÈages and shorÈcomlngs is ouÈ11ned below'
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1.8.2 Paw oedema 1n rats

paw oedema ts useful for assessing lnhibiÈfon of

swelling assoctaÈed !üfÈh acute lnflammaÈion (r33). This

model a1lows short-Èerm observaÈlon of swelllng r Èypically

upto 4 hours after Èhe lnjectlon of an irrlÈanÈ¡ ê.$.

carageenan. This model Ís senslÈlve Èo PG-lnhiblting

non6Èeroidal anti-inflammaÈory drugs and anÈi-inflammaÈory

sÈeroids.

1.8.3 Subcutaneous sDonge Ímp1anÈs in rats

Tissue responses can be induced usÍng a number of

irrlÈants Èaken uP lnto sponges prior to lnplantatlon (e.g.

Èuberculin, carrageenan)(134). The Eponge Provides a

framework fnto wtllch flufd exudaÈe aecumulates and

lnflammatory ce1ls migraÈe, and allows quantlÈatLon of Èhe

flutd and cellular component of an lnflammatory response.

Inflammatory responses can be studled aÈ different tLmes,

from an acute resPonse at I or 2 days Èhrough Èo a

reparative sÈage aÊ 7 days or more. Generally the sponges

are removed 4 to 5 days after inplantation at a late acuÈe

lnflammatory, early reParaÈive stage.

1.8.4 Irr i tanÈ- lnduc ed pleurlsv fn raÈs

pleural responses can be induced by injection of

irrlÈanÈ êogo carrageenan (135). Thl-s model has been used

to assess the cellular comPonent of acute lnflammatory



34

responses, parÈicularly the early phase (flrst few hours)

of acuÈe inflammaÈJ.on. (In our exPerlence varlabfltty of

ce11 migraÈion wLthln exPerlmental groups liuriÈs the utllLty

of thls model).

1.8.5 AdjuvanÈ disease 1n rats

AdjuvanÈ dlsease ís a polyarÈhriÈ16 r¡iÈh sysÈemic

feaÈures lnduced ln raËs by lntradermal lnjection of a

heaÈ-killed arËhrlÈogenic bacterlum (e'g' l'1 Èuberculo sls )

irrltant ( e.g .

( 139) ,

dispersed tn a suLtable oily vehlcle (i'e' a Freund's

compleÈe AdJuvant) (r36). Evaluation Íncludes assessment

of overall disease acÈiv1Èy (Jolnt score) and measuremenÈ of

blood values, whfch reflect sysÈemic effecÈs of lnflammaÈory

dlsease.ThepolyarÈhrl.Èlsdevelopsapproximatelyl0days

afÈerÈhefnducingtnjecÈion.Thetlneofonsetofthe

dfsease, iÈs severity, and Èhe 1aÈe (chronic) less

lnflammaÈory sÈage can be éxanlned' The major shortcomlngs

of thls nodel are varlability of dLsease severlty wlthin

treatmentgroupsandstrtklngdlfferencesbetweenrat

stralns as regards boÈh disease severiÈy and resPonses to

rreatmenr (whfch nay 1lnl-t the generality of. flndings to Èhe

rat strains studted) (I36'137)'

I.8.6 Knee iolnÈ synovl-Èis ln rabblÈs

Synovltls is lnduced

carrageenan (138)), or an

by inj ecÈion

antigen (e.g

of an

flbrin
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ovalbumln (r40)), to whlch the rabbit has Prevfously been

sensitlsed. A synovtÈf6 r ËêsembIlng rheumaÊold synovitLs

hlstologfcally can be lnduced but resPonses vary from anLmal

Èo animal and quanÈiÈaÈion 1s difflculÈ'

1.9 OUTLINE OF STUDIES

ThesÈudiest'obedescrlbedv'eredesf-gnedÈo(a)

acheive a beÈÈer undersÈanding of t,he role of oxy radlcals

in lnflammaÈion and (b) explore novel methods designed to

achleve beÈter control of inflammatÍon. The following

studles Itere underÈaken ¡

l. DemonsÈraÈion of oxy radical producing oxfdative burst

acÈiviÈy of leucocyÈes fsolaÈed from lnfla¡ned joJ-nts of

paLLenÈs wlÈh rheuuaÈoLd arthritts (and oÈher

lnflammaÈory arthroPathles) .

2. studles examÍnlng Èhe mechanlsms of producÈion of (i)

enzymaÈtcal1y-derlved and (f1) non enzymatfcally-derived

oxy radLcals uslng (a) depolynerLsaÈlon of hyaluronate

and (b) hydroxylation of sallcyIaÈe'

3. Èhe

of

Studies of

agents and

agenÈs on

effects of established anti-lnflammaÈory

potenÈial Èherapeutic (anti-oxidant)

radLeal productlon and reactivity in Èheoxy
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5.

6.
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above sYstems.

SÈudles of synovlal fluid concentraÈlons of gentlsate, a

mlnor salLcylate metabollÈe f,t1Èh PotenÈ anÈ1"-oxidant'

propertles in some in vÍÈro syaÈems '

SÈudLes of Èhe antl-inflamDaÈory effects of SOD (whlch

ellmfnates Èhe prlme oxy radLcal ProducÈ of acÈlvated

leucocyÈes). These sÈudies lnclude (a) assessment of

Èhe antL-inflammaÈory action of SOD, (b) aÈÈempts Èo

lmprove the bio-avaflabll1Èy of SOD Èhrough formation of

macro-molecular SOD conJugates, and (c) assessment of

Èhe fnmunoreactLvLty of Èhese conJugaÈe9 '

Studles of a drug carrfer 6ysÈem (llposomes)

l-ncorporaÈlng a long chaln fatty acLd esÈer of corÈlso1

deslgned Èo better deliver cortlsol Èo phagocytlc cells

(leucocytes) at an LnflamrnaÈory focus'
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CIIAPTER 2

CHEMILUMINE S CENCE OF POLYMORPHONUCLEAR LEUCOCYTE S

F RO}4 RHEUMATOID JOINTS

2.L INTRODUCTION

The oxiil.atfve burst of sÈinulaÈed Pl"lN leucocyÈes

comprises Íncreased oxygen uPtake, SeneraÈfon and secretion

of superoxl-de ions and hydrogen peroxlde, lncreased

hexosemonophosphate shunÈ activity and chemiluminescence

(CL) (24r25,26). Luminol-amplifted CL generated by

sÈinulaÈed PI,IN leucocytes can e used as a convenienÈ

measure of oxldaÈive burst activlty (3 8) . SÈudies l^rere

underÈaken Èo examLne chemiluml-nescenÈ resPonses of

peripheral blood and synovial fluld PMN leucocyËes following

stimulaÈf on wJ.th complement opsonized zymos€tIl o

2.2 PATIENTS AND I4ETHODS

2.2.1 PatienÈs

Blood and synovlal fluid samples !¡ere obtal-ned

conÈemporaneously from each of tfltenty-ÈIúo paÈ1enÈs wiÊh

actlve synovttis and jolnÈ effusions. EighÈeen paÈienÈs had

RA, one monoarthrltts of the knee r one Psorlatlc arthriÈis '

one juvenile onset polyarthritls wLth sacro-111iiÈts and one
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Reiter's disease. Blood samples rlrere also obtained from

four healthy laboratory Personnel, and non-inflammaÈory

synovial fluid from Èhree paÈienÈs wLÈh osteoarthriÈÍs.

2.2.2 IsoIaÈion of PMN leucocYÈes

Synovial fluid and blood samples were collecÈed

simultaneously lnto 10 ml plastlc tubes conÈalning lLthium

heparf n (L25 international unlts ) . Peripheral blood Pl"lN

leucocytes r{eïe purif ted using a sf-ngle-s teP Ficoll-Hypaque

technlque (l4t). BriefIy, whole blood was layered onto a

Ficol1-IIypague rnedium of denslty 1.114 grams Per lLtre in t0

ml plastfc Èubes and centrifuged for 30 minutes aE 2009.

The pl"tN leucocyte band Ìras removed and suspended Ín calcl-urn-

and magnesium-free phosphaËe buffered sallne (PBS) 
'

(Dul_becco's formula, Flow Laboratorles, Stanmore, N.S.!Ù.¡

Australia) . synovlal fluid vras diluted l:1 in PBS and

cenÈrif uged at 200g. The leucocyÈe-containf.ng peIlet hlas

resuspended in PBS. Undf Luted cell-f ree supernaËanÈs l^tere

retalned for sÈudies on t.he effecÈs of auÈologous synovial

flufds upon PMN leucocYÈe CL.

Following these Lnltial lsolaËlon sÈeps, elther the

synovJ.al fluid or peripheral blood leucocyte PreParaÈions

trere then washed 3 tlmes ln PBS. ÍJhen hyPotonLc lysis hras

requLred f.or one of the preParaÈÍons, Èhe same procedure I'Yas

carrled out on Èhe other, wheÈher necessary or noÈ.
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DtfferenÈia1 counts performed with Turk's sÈaLn showed EhaÈ

great,et Èhan g57t of Èhe peripheral blood leucocyte

preparaÈions v/ere PMN leucocyÈes and over 707" of the

synovial fluid leucocyÈes nere PMN leucocyÈes '

Fl.nalsusPensionsofsynovlalflutdandPeripheral

blood PMN leucocytes I^Iere made 1n Dulbecc'o's complete buf f er

(¡C¡) (lulUecco's phosphate buffered saline, complete

f ormula, comnonr^realËh serum LaboraËories, Melbourne,

Australia) supplemented r^rlth L7" foetal calf serum (FCS)

(Flow Laboratories). Leucocyte counts were performed uslng

a CoulÈer S counÈer and Èhe sÈock susPensions adjusted to I

x 106 cells per ml .

2.2.3 PreparaÈion of o osonized zymosan and zymosan

activaÈed plasma

Zymosan A (Sígna Chemical Company' SÈ' Louis, MO') 20

mg rÀras added Èo 2 ¡nl normal saline, heated f or t0 nLnutes in

a bofllng \üaÈer baÈh and centrifuged for 7 minutes aÈ 200g.

The pellet r^ras resuspended in 5 m1 of LOOiÁ autologous plasma

and fncubaÈed for 3O minutes aÈ 37oC. Zyroosan IiTas Èhen

sedimenÈed and washed in DCB. A flnal susPenslon containLng

l0mgpermlof,opsonÍzedzymosan,\¡TasmadeJ.n2nrlofDCB.
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2.2.4 PreparaÈ1on of chemiluminescence medium

Luurlnol (5-amLno-2 r3-dlhydro-I,4-phÈhalazinedtone)

( Stgma Chemlcal Co. ) 17 .7 ng ldas dlssolved Ln 0.5 ml of lM

KOH, Èhen diluted wiÈh 9.5 rnl dtstilled waËer to achieve a

srock solution of l0 mM. l0O ul of glucose (200g per lltre)

and 20 ul of the t0 ml"I lumlnol soluÈion were added Èo I ml

of nedlurn-199 (10 x concentraËer Flow LaboratorLes).

Following dlluÈion with dlsÈtlled hrater Èo a volume of 10

ml , the pH was ad justed to 7 .3 by addl-tl-on of 0.1 M KoH.

2.2.5 ChemilumLnescence assaY

CL was measured in a thermostaËica11y controlled

luminometer (Packard Pico-1iËe) aÈ 370C for up to I hour.

For each meaaurement , L25 ul of synovial fluid or Perípheral

blood Pl"lN leucocyte suspenslon slas placed in a 6 x 5O

milllmeÈer disposable borosilicate glass culture Èube

(Klrnble) Èo r¿hich L25 ul of CL medium was added. The

maximum CL value obÈatned from Èhese additions is referred

Èo as Èhe basal CL, and the maximum CL value resulting from

the addiÈion of opsonized zymosan Ls referred to as CL,o"*.
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2.3 RE SULT S

A typlcal t,race showfng basal cL and Èhe cL resPonse of

PI{N leucocyÈes Èo opsonised zymosan is shown 1n Figure f.1

The basal CL generated by perlpheral blood PMN leucocytes

was signlficanÈ1y less Èhan thaÈ generated by synovlal fluld

PMN 1êucocytes (FÍgure2.l). The CL*"* obtained r^Ilth

peripheral blood PMN leucocyÈes ÍIas slightly greaÈer Èhan

Èhe cL_ -__ of synovf a1 f luid PMN leucocyÈes ( Flgure2.3 ) . As
max

Èhere was potenÈtal1y a difference of up to 25% Ln Èhe PI'IN

leucocyte conÈerit of synovial flutd and peripheral cell

suspensions, correction for the PMN leucocyte conÈenÈ of

synovial fluld ce11 suspensions would have served Èo

exaggeraÈe Ëhe observed differences 1n basal CL and reduce

the observed dlfferences in the CL*"*.

In order to deÈermine whether exPosure of perlpheral

blood PMN leucocytes to Flcoll-Hypaque gradlenÈ

cenÈrlfugaÈion accounted for these dlfferences, synovial

fluid PMN leucocyÈes were subjected to Èhls proeedure. No

signl-ficant change 1n basal CL was observed (Paired È Èest,

p)o.2, n=6). In all subsequenÈ sÈud1es, eynovial flutd PMN

leucocyÈes rlere separaÈed by d11uÈLon and centrifugatl-on as

described above.
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To analyse the posslble influence of synovial fluid ln

causlng the differences observed between the resPonsLveness

of perfpheral blood and synovfal fluid leucocytes r PMN

leucocytes lsolaÈed from peripheral blood of (a) a paËlent

r,r1Èh RA and (b) a healÈhy subJecÈ ' were lncubaÈed stiÈh Èhe

synovial flutd of t,he paÈient. In both lnstances, there was

a marked fncrease'in the basal CL (Table l).

Non-inflammatory (osteoarthrltic) synovlal fluid

disptayed no stimulaÈory acÈ1viÈy when Èested wiÈh

perlpheral blood PMN leucocyÈes with RA or healthy subjects.

These non-inflarDmatory fluids díd not yield sufficient

cells Èo allow the funcÈlon of their cellular constituents

to be studied.
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TABLE 2.L

vnovlal fluid on CL of DeripheralEfÏèiÈ

CL.max( cpn
( wtth

x 106)
op sonf e ed

blo f) d PMN leucoc v

wLth rheumatol-d arthrLÈLs

tlea 1Èhy

Before

Ba s e1 lne
(cpn x I

L.7
)

1.1

zymoean)

v s

Èes fron a health

subject

Af ter

v subiect and a PaÈJ.ent

RA subjecÈ'

Before AfÈer

45 .O

o.7

3l

LeucocyÈe CL was measured
synovLal flutd for I hour.
washed and resusPended 1n
cel1s/ml.

40.2 3.7

0.9 0.6

before and afÈer lncubatlon
After incubatfon the ceIls

Dulbecco's t L7" FCS aÈ I x I

wL Èh
E ere

00
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2.4 DISCUSSION

This sÈudy demonsÈrates the comPeÈence of leucocyÈes

isolated from inflamed joints to mounÈ an oxidaÈlve bursË as

deÈermÍned by CL generaÈ1on Ln response Èo stlnulaÈion wLÈh

serum opsonised zymosan parÈícles. LeucocyÈe CL reSPonses

have been correlated wfÈh surface membrane oxLdase activlÈy

(3g) bur are only parË1y fnhtbitable (approx.501re ) by soD

(L42r143). CL generaÈLon is also seen ln assoclation with

acÈLvlty sub-ce1lu1ar lso1af-es of arachidonaÈe meÈabolising

enzymes (144) and arachidonate metabolism may contribuÈe Èo

CL responses of actlvaÈed leucocyÈes (I45).

Basal cL was found to be greaÈer wiÈh synovlal fluid

leucocyÈes than for peripheral blood leucocyÈes. The

preliminary studies underÈaken show enhancement of basal CL

following lncubation wiÈh lnflammatory synovial fluid but

not wíÈh non-ÍnflammaËory synovial flulds. SubsequenÈ1yt

these studies have been confirmed and extended (I46).

These 1aÈer sÈudies show Sreater CL generation by synovlal

fluid PMN leucocyÈes than perÍpheral blood PMN leucocytes

upon incubaÈLon with heat aggregated immunoglobulLn G (a

model sysËem for soluble lmmune complexes). This increased

responslveness Èo aggÊegaLed IgG could be lnduced ln

peripheral blood leucocytes by prelncubaÈion htLÈh the
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synthetLc chemotactic peptide, formyl-methionyl-

leucyl-phenylalanine (l-MLP), at concentratlons of 10-I0 ao

-al0 " M. These concenLrati,ons are within the window of

concentrations of FMLP associated wít-h chemotactic activity

(I47 ) and are lower than concentrations of FI,ILP requLred to

stlmul-ate PI'lN leucocyte oxidative bul:st activl_ty directly

( I46,148). Tkrese later findings suggest that chemotaxins

or other membrane perturbating agents present at critical

concentratLons within synovial fluid could aet

synergistically with immune complexes t-o stimulate Leucocyte

oxidative burst activity tn vivo.

2.5 S UMI'lARY

These studies show ( a)' compet-ence of synovlal flutd

leucocytes to generate an oxidatLve bur:st-, (b) increased

basal cL of synovial flutd teucocytes compared to peripheral

blood Pl'lN leucocytes, possibly result.ing f rom ef f ects on

leucocytes of factors present in inflammatory synovlal

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.I INTRODUCT ION

Thls chapÈer describes the influence of (1)

anÈ1-l-nflammatory drugs (ti) Íron coricentratlon and valency,

and (fii) netal chelators, on systems monitoring oxy radical

reactlons in the presence of oxy radlcals produced (a)

enzymarLcally by the xanthfne oxldase/hypoxanthlne (XO/HX)

system and (b) chemlcally by the autoxidatLon of ferrous

Lron. The role of OII' as the proximaÈe reactJ-ve species 1n

these Èvro systems vtas deÊermined usLng known OH' scavengers t

and the possible role of suPeroxide aníons and hydrogen

peroxide as intermedLaÈe species 1n the formatfon of Oll'I{as

deÈermlned uslng superoxide dismutase and catalâsê ¡

Hydroxylatl-on of sal lcylate Èo 2 ,3 dlhydroxyben zoLe acld slaa

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

3.2.1 Materials

Xanthine oxidase (Crade III from butter nilk)t

superoxide dismuÈase (SOD) (type I from bovÍne blood) t

catalase (frorn bovine liver) and hyaluronic acLd (Grade III

from human unbilical cord) were obÈained from Sigma Chenlcal

Corp., St. Louis, MO. The following compounds were

generously donated: gold sodlum Èhlornalate (May & Baker

AusÈ. Pty. LÈd., FooÈscray, N.S.I,Ù.), indomeÈhacin (Merck

Sharp & Dohrne (AusÈ) Pty. Ltd., SouËh Granville, N.S.!J.) and

peniclllamine (L1l1y IndusÈries Pty. LÈd. ¡ !'lest Ryde '
N.S.!ü.). Heparin was obtalned from A1 len and Hanburys

(G1axo AusÈ. PÈy. LÈd.), Boronl-a, Victoria. A1 I other

chemfcals rùere of the highesÈ purity available from Sigma,

or AJax Chemleals, Sydney, AusÈra1ia.

3 .2.2 Methods

Supe roxlde

f err icyto chr ome

(32).

dlsmuÈase lras

C reduction by

assayed by the inhlbiÈLon of

oZ generaÈed enzymatlcalty

The salicylate hydroxylatlon experiments T'7ere Performed

using a modl_ficarlon of the meÈhod of Hall1wel1 (76). In

Èhe autoxidaÈion system, a I rnl reaction mlxture conËalned

sodium salieylate ( concenÈraÈ1on range 0 to 5 rnl{) r 5 mM
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ferrous sulphaÊe and 20 mM EDTA (unless oÈherwLse stated)

and Èest reagents aÈ speclfled concentrations, ln 0.1 M

K2HPO4 aÈ pH 7 .4. The reacÈlon was lniÈlaÈed by the

addltion of the F.2*/ n¡f ¡, solutl-on. lJtth the enzymatlc

sysÈem Èhe I rnl reêction mlxture contalned 2.5 mM sodlum

salicylaÈe, 100 ul"Í FeSO4 r 300 ul"t EDTA, tO 6U hypoxanÈhine ln

0.I M KZHPO4 aÈ pI{ 7 .4. The reactÍon Ílaa initiaÈed by the

addltlon of 10 ul of 30 unl-ts/rnl xanÈhlne oxidase. In boÈh

systems, the reacÈ1on mixtures were incubaÈed for 60 mlnuÈes

at 25oC and the reacÈions $Iere termÍnaÈed by the addition of

I0 ul conc. HC1. The reacÈion producÈs ÍIere exÈracted into

3 nl dtethyl eÈher. The recoveries from Èhe eÈher

extracÈion were greaÈer than 907" t and 57" of the orlgLnal

total salfcylate was hydroxylated to 2 13 dlhydroxybenzoic

acLd. An aliquot of t.he upper layer !üas removed and

evaporated on a ïrater bath at 5OoC, and t,he resf due

df ssolved ln I rnl waÈer. This soluÈion Iías then acf dif ted

wiÈh 0.5 nl of 0.5M HCl conÈaínlng 80 ng/nl trlchloroaceÈic

acld, followed by I.0 nl of LOï" sodium tungsÈate and 1.0 ml

of O.5% NaNOr. AfÈer 5 mÍnutes, 2 ml of 0.5M KOH was added

and the absorbance at 5 10 nm tras measured. Increased

absorbance Ís proporÈfonal to increased formaÈfon of 213

dihydroxybenzolc acLd whlch complexes wfth Èungst'aÈe.
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3.3 RE SULT S

3 .3 .1 H drox 1aÈIon of salic late b the auÈoxJ.datlon

2+of Fe / EDTA

HydroxylaÈl.onofsall.cylatetTasfound,Èobedependent

on Èhe concentration of f errous lons ln t'he range 0 '63 5 '0

mM, aÈ a ftxed F.2t/Blte raÈio of l:4, and Èo be dependenÈ

on the salicylate concentraÈion ln the range 0-10 mM (flgure

3.I). There r{as no sfgnÍficant dependence on 8"2*

concentraÈlon below 0.63 ml"l . A ratio of Fe:EDTA of l:4

produced maxlmal hydroxylaÈion and 1\las Èherefore chosen fox

all subsequent experlment6. As Èhe degree of hydroxylatl-on

decreased wLth time afÈer preParation of the F.2*/UOtl sÈock

solutlon, freshLy prepared solutions !Ùere always used.

partlal deoxygenatlon of soluÈlons by dlsplacement wl-th

n1Èrogen resulted in approxlmately 5O% fnhlbft,lon of

hydroxylation. lJhen F.3t (as Fecl, ) r^Ias substl-tuted f or

î"21, Èhere !{as only parÈf al hydroxylaÈion (97") as shown ln

Table 3.I. Superoxlde dismutase vras wiÈhout effecÈ, and

caÈalase produced mlnfmal lnhlbiÈion of hydroxylaÈion (tabIe

3.2).
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3.3.2 HydroxylaË1on of sallcylate by the xanÈhine

oxidase/hypoxanthlne system

Table 3.1 showé Èhat the enzymatfc sysÈem only

hydroxylaÈes sallcylate effLcienÈly in the presence of trace

amounts of F"2*/EDTA chelates. rncreaslng the F.2*/EDTA

concentratlons to 300 uM/900 uì4 had no significant effect on

hydroxylatlon. I.lhen F.2* rf,as replaced by 100 ,rl"t F.3t ( as

FeCIr), hydroxylaÈion was slnilar to Èhe control value,

lndicatLng Èhat alÈhough hydroxylation by the enzymatic

syst,em requlres the presence of iron, boÈh Èhe ferrous or

ferric oxldatLon sÈates are acÈ1ve. ThLs suggests a

catalyf.c function for fron 1n ËhLs sysÊem. HydroxylatLon

!üas markedly inhibiÈed by SOD and caÈalase (Table 3.2)

lndicatLng Èhat both superoxide lons and hydrogen peroxide

or their secondary oxldaÈlon products are t,he hydroxylatlng

specles in Èhls sysÈem.
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TABLE 3 .1

Effect of iron salts on salicylate hydroxylaÈl-on

Experimental condit,lons
llydroxylatLon
(Z of control)

AutoxidaÈlon sYstem

2+

XO tix

100

+xo HX

r00

92

95

L7

5nMFe

5 nI4 Fe

mM EDTA

ruM EDTA3+

/zo

/zo 9

EnzymatLc 6YsËem

I00

300

100

ul"I

uM

uM

No

.L

Fe'' /3 oo
1I

Fe"'/9oo
2a

Fe' ' /3 oo

FE/ EDTA

uM EDTA

uM EDTA

uM EDTA

3

3

3

In autoxldatLon experlmenÈs, hydroxylatLon of 5 mM

salicylaÈe measured in Èhe Presence of 5 mM F"2f and 20 rul'l

EDTA 1s Èaken as the conÈrol value. In enzymatic system,

hydroxylation of 2.5 mM salicylaÈe in the presence of 100 uìl

tJ-
Fe¿*, 300 uM EDTA, 10 ml"I hypoxanthine and 0.3 unl-Ès/tl

xanthine oxidase 1s Èaken as the control value.
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TABLE 3.2

EffecÈ of SOD and catalase on salicylate hydroxylatlon

Enzyme

SOD

Ca tal as e

ConcentratLon
(units/rnl)

5

IO

20

400

r000

10

20

40oll

r 000

PercenÈage lnhlbftÍon of
hydrg*y1aÈ1on

,L''/EDTA x0/ 4xFe

0

I

4

3

2

46

69

77

82

43

61

72

8

t0

L2

20

= 0.3 ng/nl proÈe1n

= 0.03 ng/ml proÈeln

InhfbftÍon of hydroxylatlon was computed by subÈractlon of

experlmental values (obÈaLned in Èhe Presence of specÍfied

quantlÈ1es of SOD or catalase) frorn the conÈrol values

(obÈained fn the absence of Èhese enzymes), expressed as a

percentage of the conÈro1 values.

*

lt



57

3.3.3 HvdroxylaÈlon Èime course

Figurê 3.2 shows Èhat afÈer sÍxÈy mlnuÈes lncubatlon,

the fLnal hydroxylatfon IrIas of Èhe same order of magnl-tude

1n both Èhe auËoxidaÈion and enzymaÈf-c sysÈems, although Èhe

inltlaL raÈe of hydroxylatlon 1n Èhe auÈoxidatlon sysÈem was

much greaÈer. IIence the dif f erent sensitlvl-ties of

hydroxylaÈJ.on to catalase and oÈher quenchers and lnhibLtors

( see below) may be atÈrlbuÈed t,o dtf f erences 1n the inLÈl-al

rates of hydroxylatlon where Ëhe flux of t'he hydroxylating

species may be greaÈer ln the auÈoxLdatlon system.

3 .3. 4 Effect of hYdrogen Peroxlde

AddtÈÍon of Hzoz to Èhe auÈoxldatlon system caused an

in1Èial stinulaÈion of hydroxylatlon which was maximal at

LO-20 nM EZO Z ( Table 3 .3 ) . Holvever , aÈ higher

concentratlons ( 100 mM) , Èhe sÈlmulaÈion had dropped to l40%

of the control value. A simllar observaÈion Iì7as made wl-th

the enzymatic system, where Èhe decreased stlmulation aE

high concenÈraÈLons of HZOZ may have been due to an

inhibl-rory ef f ect of Hzoz on Èhe xanÈhine oxidase ( 149 )

a¡,d,/ or failure of F.3t reducÊion under strongly oxldising

condit,ions.
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TABLE 3.3

Effect of hydrogen peroxide on hydroxylatLon of sallcylateI

H o Concent ra È lon

C tf"i)
2 2

0

1.0

2.0

l0

20

60

100

ItydroxylaÈion expres sed

obÈained in Èhe absence

and enzymaÈlc systems.

Hydroxylat,l-on

(% of control)

F.2* / EDTA xo/ Hx

r00

L37

L79

3s0

363

L22

140

r00

155

168

r3 6

L25

rr6

r06

as a percentage of a control

of HZOZ for each of the autoxidation
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3.3.5 Effect of radLcal scavengersI chelators and

therapeutlc agents

Scavengers of hydroxyl radicals - mannlt'oI, DMSO

( dtrnethyl sulphoxLde) , benzolc acid, eÈhanol, sodium f orrnate

and thlourea produced marked inhÍbltion of hydroxylation

in both sysÈems aE concentraÊions ln the range 5 Èo I00 mM

( Table 3 .4 ) . Generally, hydroxylaÈion produced by the

enzymatic system l\ras more sensltive Èo inhibiÈlon Èhan Èhe

autoxidation system. PuÈaÈfve singlet oxygen quenchers -

sodium azLde and histidine produced sJ-gnlfieant

inhibition in both sysÈems; again, inhibition htas more

potent fn Èhe enzYmatÍc sYStem.

potenÈ tnhtbtÈory ef f ects r¡¡ere seen wiÈh Èhe chelaÈors,

BPS (baÈhophenanthrollne sulphonaËe) and DETAPAC

(diethylenetriamine penÈaaceÈic acÍd), at concentraÈions as

low as I0 mM. Similarly, when the raÈio of F.2*/EorA was

1ow due to lncreasing EDTA concenÈraÈions, there \fas a

marked inhibtË1on of hydroxylaÈion. Penlcillarnine inhtbited

Èhe enzymatie sysÈem al all concentrations sÈudl-ed, and also

inhibited the auÈoxldatlon sysÈem aË concenÊrations greater

than 1O mM; however, aL Èhe lower concentratfons,

hydroxylation by Èhe autoxidaÈion sys tem IÂIas enhanced .

The anti-rheumaLic drugs, gold sodium thiomalaÈe and

chloroquine, boÈh produced lnhibiÈion of hydroxylaÈ1on,
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which üras sf gnif f canÈ at less than t0 ml{. IndomeÈhacLn (0.5

mM) was found to have a modest buË deflniÈe inhfblÈory

effect on hydroxylatlon (20i¿ ln Èhe enzymaËLc system and and

LL7" in the autoxldation system). Detailed study of Èhe

effects of higher concentraËl-ons of indomeÈhacin and other

anÈi-lnflamrnatory drugs with low solubillty fn aqueous

soluÈlons was noÈ possf-b1e, as the lnhibitory effects of

organic solvenËs (e.9. ethanol, DMS0) precluded thelr use as

solubilistng agenÈs.

High molecular weLght mucopolysaccharides hyaluronÍc

acid and heparln - inhibited signlflcanÈly at boÈh 0.I and

1.0 urg/m1. Glucose also tnhtbited at concenÈrations

approximate to the physi.ological range. Potasslum chloride

and urea, both compounds previously shown to lack activl-ty

in quenching oxygen free radlcals (76), also lacked

inhibl-tory actLviÈy ú these Èest systêÍrs ¡

Albumin ln the concentratíon range 0.I to I mg/rnl

provided a small inhíbiÈJ.on of hydroxylaÈion in Èhe

enzymatfc sysÈem and a greater inhÍbitLon ln the

auÈoxidation system. These proteln concentrations far

exceeded proÈein concentratlons of S0D and catalase requÍ-red

Èo produce lnhibiÈlon of hydroxylaÈion ln Èhe enzymatlc

system Lndicatlng ÈhaÊ inhibitlon by SOD and catalase fn

this sysÈem could noÈ be aÈtrLbuted to non-sPeciflc
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quenchÍng by proÈein. By conÈrasÈ, proÈeln concenÈraÈLons

requfred to produce lnhfbitl-on of hydroxylatlon fn the

auÈoxidatlon system were sfnilar for albumln' S0D and

catalase. Accordlngly the modesÈ tnhlbÍÈion observed in

thls system Ln the Presence of htgh concenÈratlons of SOD

and caÈalase may be aÈtributed to non-enzymaÈJ.c quenchlng by

pro Èeln .
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TABLE 3.4

Effect of various groups of compounds on saLicylate hydroxylation

2+
C OI4POUND
Concentllatlon (¡nl,l)

0H' scavengers
Mannitol
Dl'tS 0
Benzoate
Ethanol
Formate
Thiourea

I
Fe
10

/ uure
50 r00 I

XO/ HO

i0 50

7B
94
95
46
83
89

T2
l5
26x
55
I6
3I
55

49
75*
94
53
6l
B2

B3
54

64
g0*

26
4T

45
81
7I

r00

86
96

100
74
88
9L

93

57
74
96

Slnglet o4ygen quenchers
Azlde
Hl-stidine

Chelatl-ng agents
BPS
DETAPAC

AnÈi-rheumatic dru S

Penicl am ne
gold sodlum thlomalate
Chloro quine

Hyaluronic acld**
HeParLn**

5B
26

91
6r

90
75

24
3r

78
64

93
88

93
92

20llll
l0

45
66
75*

65
75

I]
19

B9
9l
gg*

93
94

T7 55
I4

86 8l
5 0*

92
85 *

8
O

I5
ll

I7
39
I6

63
62
7O*

3 4lt

22#tÍ
33
42x

Naturall occurln ol saccharides
G ucose 1 57 72

23ll

0

44 78 87

Miscellaneous
KCl
Urea
Albunin (ng/mf)

Inhlbltion

f
stimated
abled for
nhfbLtlon

0

:
0

0

:
:0

24 I2

of hydroxylation determined as in Table 3.2. *values
from a dose response curve. **QuantrtLes in mg/ml. /lvalue2 ^g/mt treparin. ll llvalues represenr stlmulatl-on notof hydroxylation ( see text) .
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3.4 DISCUSSION

The producÈl-on of hydroxyl radicals by boÈh oxy

radlcal-producing SysÈems used ln these experiments IÀIaa

detected by the hydroxylatlon of sallcylate to 2 13

dlhydroxybenzoic acld. The dtfferent' sensitivlÈies of Èhese

sysÈems Èo inhlbtÈion by SOD suggesÈs a dlfference in the

mechanlsms of. OII' productLon in the Èhto systêÍls ¡ The

productlon of oH' by Èhe autoxidation sysÈem, which is not

tnhibited by SOD, has been ascribed Ëo the followLng serles

of reactions (I50):
2+ 3+

Fe +

o +o +
I

2H'
2

2+

z(o

2
o

2

+oz
+ oz

+ oH' + oH (3)

Fe (r )

)
2 2

H

Fe 3+
Hzo 

z
+Fe

Reaction 3 - Èhe FenÈon ReacÈíon should be lnhtbLted

by catalase. However, salicylate hydroxylation by the

autoxldaÈLon system was found to be relaÈively insensiÈLve

to caÈalase (Table 3.2), and this r¡Ias conslstently observed

1n repllcate experiments. In studies descrLbed 1n chapter 4

and oÈher studies (62r15f) using Èhe degradaÈion of

hyaluronlc actd Èo detect OH' ptoduction by auÊoxidaÈion of
,.L

the Fe'-/nltn, degradation vlas inhlblÈed by caÈa1âs€. The

marked stimulaÈ1on of hydroxylation by added HZOZ provl-des

further supporÈ for reaction 3 in thls sysÈem

( see Table 3 .3 ) .
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system, which 1s inhibLted by boËh

explalned by the

In Èhe enzYmaÈÍc

caÈalase and SODr OH'

following sequence of

HypoxanÈhfne + OZ

+

p roduc tlon

reacÈions:

can be

urate + O

H o +o
2 2

2+

( )!
oz

oz

Fe

+o +2H
2

+Fe 3+

+

+0
(2)

(5)

2

2

2

2+

Fe

Fe
1J-rt + oH' + oH (3)Hzo 

z

NetÈ reactlon

H 0 +o
2

+ oE + oz (6)
2 2

In this serles of reacÈ1ons, iron plays a catalytlc

role, belng a1Èernatlvely oxidl-zed and reduced. The

reducing agent (for reactfon 5) in thls caae ls the

superoxlde fon, produced by reactton !, and Èhis explains

why OH' production by thls sysÈem is senslÈLve to SOD.

EquaÈLon 3 (and !) should be 6ensiÈÍve to caÈalase, as

observed. These observations and Èhe senslÈiviÈy of the

enzymaËic system Èo OH'scavengers provl-des evidence ÈhaÈ

hydroxyl radlcals are produced from superoxlde via an

iron-caÈalysed Haber !'lelss ReactLon (reacÈion 6).

Al,though singleÈ oxygen quenchers inhlbited

hydroxylaÈlonr suggesÈing a role for singleÈ oxygen' the

tnhtbJ-tory effecÈs of these quenchers may noÈ be restrlcÈed
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oxygen, because bY virÈue of thelr

Èhey also

such ag hydroxyl radicals ( I52) .

salicylaÈe hydroxylaÈlon by both Èhe autoxldation and

the enzymatic systems was shown to be inhlblÈed by htgh

concentraÈions of the chelatlng agenÈs DETAPAC, BPS and EDTA

(autoxldation syseem only), l-n agreement wiÈh the findings

of Hal-1iwe11 (76). Studles descrtbed ln chapÈer 4 and Èhose

of Halllwell (62) have shok/n that DETAPAC and BPS also

lnhlblt the degradatlon of hyaluronic acid by both of Èhese

radlcal produclng systems.

Gurreridge et al found that EDTA, DETAPAC and BPS aL

low concentratlons (greater Èhan 100 uM) slgnfflcantly

stlmulaÈed peroxidation of phospholtpld (from bovlne brain)'

whereas higher concenÈraÈions(greaÈer than 0.5 xnM) tnhtbLted

peroxidation (153). They Èherefore suggested thaÈ there was

a critical raÈ1o of chelaÈorrF"2* at which Èhere v/as a

change from a pro-oxidant to an anti-oxÍdant effecÈ.

BuetÈner and oberley, uslng lighÈ acÈlvated rLboflavln Èo

produce oxy radlcals and spfn ÈrapPlng to identLfy the

radical specles, concluded Èhat lron sequesÊered by DETAPAC

is no longer actfve, and Èhus the reactlons whlch lead to

oH' formaÈion are inhtbfÈed (154). The inhtbiÈ1on of

hydroxylaÈlon by oÈher chelators (lncludl-ng penfcillamlne)
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could be aÈÈrlbut'ab1e to slrnilar mechanlsrts o

Penicillamine produced an lnhlbitlon of hydroxylaÈion

at all concentraÈions Èested in the enzymatlc sysÈem and aL

high concentrations in the auÈoxldaÈion system. Ilowever, 1n

Èhe auLoxidation system, low concentraÈions of penLcillarnine

( t and I0 nM) sÈimulated hydroxylaÈion. Irle have also

observed an enhanclng effect of penlcfllamine, at Èhese

concenÊraËlons upon degradatlon of hyaluronic acLd (62).

Gutteridge eÈ al found Èhat penicillamine in the range 14

I000 uM produced a stlmulation of F.2t-lnduced 1lpid

peroxidaEion ( 153 ) . This stLmulaÈ1on of oxy radlcal

production by crltical concenÈraEions of penicillamlne rnay

be due in parÈ Èo the abillty of penlclllamlne Ëo acÈ as a

reduclng agenÈ. unde.r the condiÈions of excess F.3*,

penicillamine could reduc. F.3* Ëo 8.2*, which could Èhen

auEoxldise again to produce oH'. It ls posstble ÈhaÈ Èhe

f,ncompleÈe1y explalned anti-inflammaÈory and anÈl-rheumaÈLc

actlons of peniclllanine rnay in some ttay be related to the

reducÈ1on and chelation of Lron ln inflaured joints, where

increased lron deposlÈion has been denonstrated (57 r58r155)'

chelaÈes of copper and penicLllarnine nay also be lmpll-caÈed

in Èhe ÈherapeuÈlc acÈlon of penfclllamLne because chelates

of copper and peniclllamlne are known to have a superoxlde

dLsmuÈase-1fke acÈlon ( t56 r 157 ) .
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The inhlbitlon of hydroxylation by hyaluronLc acld,

heparln and glucose 1s consisÈenÈ wlÈh the observation Èhat

many bloLogl-cal f orgar.!.c comPounds r ParÈicularly

macromolecules and compounds with hydroxyl groups r react at

rapLd raÈes wiÈh hydroxyl radlcals (158). Ilyaluronlc acLd

and salÍcylate probably reacÈ htiÈh hydroxyl radicals ln a

competl-Èive manner and in the Process hyaluronic acLd l-s

depolymerised (62, ehapter 4 of this thesis).

The degree of lnhibiÈion of hydroxylaÈ1on produced by

chloroquine, Bold sodium ÈhionalaÈe and penlcillamlne ln oxy

radlcal-producing systems was at leasÈ as poÈenr as ÈhaÈ of

recognlsed OH' Scavengers and singlet oxygen quenchers.

A1Èhough $/e have not ellminaÈed t.he Posslbfllty that Ln the

enzymaÈic 8ysÈem Èhese drugs may affecÈ Èhe enzymaÈ1c

activl-Èy of xanÈhine oxldase, l-È should be noÈed thaÈ these

drugs show a sfmllar poËency in Èhe auÈoxfdaÈlon system.

ConcenÈraÈions required f or lnhtbltLon ( 10 ml"l or less) may

be achieved aÈ importanÈ micro-locations 1n inflammatory

exudaÈes. For example, Ln vlvo, boÈh chloroquine

derivatlves and gold are selectively concentrated ln

lysosomal vesicles ( f59,160) , and therefore in secondary

lysosomes fn whlch generaÈlon of superoxide ions and

secondary oxy radicals Ls known to occur (l6f rL62,163).
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These sÈudf-es, using two Ln vLÈro models of oxy radlcal

production deslgned to mfmlc mechanlems of oxy radlcal

producÈlon ltkely to be seen in vfvo aÈ sites of

inflammaÈLon, indicaÈe ÈhaÈ some anti'ÍnflammaÊory drugs

(e.g. penLelllamine) alter oxy radical glneratLon by

non-enzymaÈ1e mechanlsms, and thaÈ these and other

anÈ1-lnflamnatory drugs may compeÈiÈively lnhlbiÈ oxldaÈfon

of Èlssue comPonents by oxy radicals produced enzymaÈlcal1y

or non-enzymaÈlcal1y. FurÈher studies, deslgned to (a)

determine Èhe composite effecÈs of physiologlcal and

pharmacologleal agenÈs lfkely Ëo effecÈ oxy radLcal

reactivlÈy aE sftes of lnflammaÈlon and (b) Èhe relaÈLve

senBlÈtvities of ÈÍssue comPonenÈs and funcÈlons to oxy

radLcal lnduced damage, are requlred t'o determlne Èhe

relevance of Èhe observed effects to the therapeuÈfc actlon

of antl-inflammaÈorY drugs.
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3.5 SU},IMARY

The productlon of a potent hydroxylating species,

presumed to be hydroxyl radlcal ' was sÈudfed uslng
I

hydroxylatlon of sallcylaÈe as a deÈector sysÈem'

oxygen-derived free radicals (oDFR) $Iere generaÈed by (a)

autoxldatlon of ferrous-EDTA chelates and (b) enzymatlcally

(xanthine oxidase/hypoxanthine). Hydroxylatlon by these oxy

radLcal-generatlng sysÈems rdas tnhÍblted by superoxide

dlsmutase, hydroxyl radical scavengers and slngleÈ oxygen

quenchers. Low concentratf ons ( I ml"l - 10 rnM) of

peniclllanLne stimulated hydroxylatlon by the auÈoxidation

system, although higher concenÈratlons Íùere inhibitory; all

concenÈratfons lrere tnhibitory in the enzynatlc system. The

chelaÈlng agents, DETAPAC and BPS, llere lnhlbitory in both

sy6Èems, as rùere the long actlng anti-rheumatfc drugs, gold

sodlum thlomalaÈe and chloroguf.ne. The mechanisms of

hydroxyl radlcal SeneratLon described may have relevance to

the mechanisms of oxy radical generatfon occurlng l-n vivo at

sltes of tnflammatlon.
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CHAPTER 4

PRODUCTION OF OXY RADICALS AND EFFECT OF I"IETAL CHELATORS '
ANTI-OXIDANT S AND ANTI-INFLAMMATORY AGENTS II:

DEGRADAÎION OF HYALURONATE

4.L INTRODUCTION

Thls chapter describes sÈudies designed (a) Èo

determlne t,he oxy radical species directly or j.ndirectly

responslble for degradatlon of hyaluronaÈe soluÈions by (t)

rhe xanÈhine oxidase/hypoxanthine (X0/HX) sysËem and (ít)

auÈoxidaÈfon of ferrous lons 1n phosphaÈe buffer, (b) to

esÈabllsh Èhe role of Íron in oxy radLcal producÈíon ln Èhe

two systems, (c) Èo re-evaluaÈe earller studles

demonstraËing lnhlbLtlon by lron chelators and

anÈl--inflammatory drugs, of reactfvLty of oxy radfcals

produced by enzymaÈic mechanLsms (62r66r7Lr76) and (d) to

exÈend studles of action of chelators and anti-inflammaÈory

drugs to oxyradlcals generated by the non-enzymaÈ1c

(autoxidaÈion) sysÈemr.and Èo compare Ëhe relative

acÈiviÈ1es of Èhese drugs ln the Èwo oxy radical-producing

systems.

The systems used Èo produce oxy radicals and Èhe agents

whose effects are under lnvestlgatlon in Èhese sÈudles are
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sinilar Èo Èhose employed in the previous chapter. Thus,

Èhese studJ.es of hyaluronate degradatfon and those ernploylng

hydroxylaÈion of salicylate to detect oxy radicals (Chapter

3 ) provide complemenÈary information regarding facËors

lnfluencing productÍon and effects of oxy radlcals.
I

4.2 },IATERIALS AND METHODS

4 .2. I Materfals

Hyaluronic acld (crade III from human umbLllcal cord),

xanÈhine oxldase (Grade III from bt¡ÈÈer mflk), SOD (type I

from bovLne blood), and catalase (fron bovine liver) were

obÈained from Sigma Chemical Corp., SÈ. Louis, MO. The

f ollowlng cornpounds !{ere generously donaÈed: gold sodf.um

thlomalaÈe (May & Baker AusÈ. Pty. Ltd.¡ Footscrayt

N.S.W.), lndonethacÍn (I"lerck sharp & Dohm (Aust). Pty. Ltd.,

South Granvil-1e, N.S.Iir|.) and penlclllamLne (lfffy Industrl-es

PÈy. Ltd., trrlesÈ Ryde, N.S.l'I .). Al-1 oÈher chemlcals were of.

the htghest puriÈy avaLlable from Slgma, or Ajax Chemicals,

Sydney, Australla.

4 .2 .2 l¡teÈhod s

HyaluronaÈe stock soluÈlons ( 4 rng/rn1) were prepared by

dLssolving hyaluronlc acLd Ln sterile dlstilled water. ThLs

slightly opaque soluÈfon was Ëhen cleared by flltraÈion

through a 1.2 micron rnlllfpore ftlter, and Èhen stored
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eiÈher ftoze¡ or at 40C until requlred. Before use thls

solution was diluted 1: I wlÈh 100 ml"I phosphate buf f er to

gf.ve a working soluÈJ.on of 2 ng/nl. For Èhe vlscosity

measurements, a I.7 m1 solution aÈ 25oC contained (a) for

the enzymaÊIc sysÈem, 6 nM hypoxanthine' 12 x 10-3 uniÈs/*1
I

xanÈhine oxidase, I rng/rnl IIA 1n phosphate buf f er; (b) f or

Èhe F"2t/s¡rA, system, r00 uM ferrous sulphaÈe, 100 uM EDTA,

I ug/nl IIA ln phosphate buffer, unless oÈherwlse sÈated.

InboÈhsysÈems,thebufferusedwas50mMPoÈasslum

phosphaÊe conÈalning 0.I roM EDTA aÈ pH 7.4, unless otherwLse

fndlcated. sÈock soluÈions of all inhibitors, xanEhlne

oxidase and hypoxanÈhine r{ere prepared ln buffer and added

to t.he experlmental solutlons in the requlred amounÈs. A

sÈock solutlon of 50 mM ferrous sulphate and 50 nM EDTA in
tJ-

df sttlled l,taÈer was freshly prepared before each Feo'/EDTA

experlment and 3.4 ul added to Èhe exPerimenÈal soluÈlons to

1n1Èl-ate Èhe oxy radical f 1ux.

Concentratlons of microconÈanlnant lron 1n phosphate

buffer, IIA soluÈions and dlstilled water were determLned

spectrophoÈometrlcally using fetxozl-rle (164) and ln all

cases, Èota1 iron was less thân I uM'

The Èube

syrLnge fltted

vfscomeÈer consisted of a t nl tuberculin

G sÈainless steel disposable needlewlrh a 20
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(0.90 x 38 run). A reservofr consistlng of a 10 x 75 mm

polystyrene Èube slas placed under the syringe assembly and

the experimental solutLon drawn lnÈo Èhe syrLnge wLth care

being taken to avoid bubbles. The tlme for 0.8 ml Èo draLn

from the syringe assembly Iùas measured and the relat'iveI
viscoslty (t *) of the HA solution calculated using the

equation:

n R
tfme for hyaluronate soluÈlon
Èlme. for buffer solution

The speclflc vlscosity (4,ì Ís defined "" 
y'J 

*-f and Ls a

measure of t,he contribution Èo the Èotal solutlon vlscosiÈy

of the solute, Ln this case HA. the concenÈraÈLon of tlA ( l.

ng/url) was chosen so Èhat a typLcal elutlon time fox 0.8 ml

usLng the above sysÈem- was betsleen 40 and 50 seeonds,

whereas the elutlon tLme for the buffer- !ùas ap.proxlmately l6

seconds, thus givlng adequaÈe senslÈlvi.ty and

reproducibllity ofn --. Th9 average shear'sttess applded' ! sP

Èo the solutions during a Èypical measuremenÈ rdas
't

approximaÈely 25 dynes/cm- whlle the shear raËe at Èhe

caplllary wa11 varied from 800 sec I fo. Èhe conÈro1 HA

solutlons Èo 3500 sec I fo. Èhe'buffer. The vÍscosity of t

ng/nl HA solutions prfor to exposure Ëo oxy radlcals aÈ Èhl-s

shear sÈress IìIas approxímately 3 .0 cPoÍse. Over this range

a I mg/ml HA soluÈion behaves approxlmaÈely as a Newtonian

flufd (165).
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4.3 RESULTS

4.3. I Tlne course of vlscoslty change

the time courses for the reductlon of vlscosiÈy of Èhe

IIA soluÈlons rùere. nottceably dif f erent 1n the X0/HX system
I

and Èhe F.2f/nor¡, sysÈem (Flgure 4.1). wittr the xo/Hx

sysÈem, Èhe viscosity (t"O) Idas reduced Èo approxlmaÈely

2O7" of the iniÈtal value in 40 minuÈes after the inltiatlon

of the oxy radical flux, whereas in Èhe F.2*/BotR system,

nerr equillbrlum values (2O% of conÈrol) \üere reached wLthl-n

2 mLnuÈes. Hence Ln subsequenÈ exPeriments, viscoslty elas

measured after 60 mlnuÈes in Èhe enzymaÈlc system and afÈer

t0 minutes 1n the r"2f/pora system. The reductlon in

viscosity has been shown to be ã. result of the degradation

or depotymerizatlon of the HA moiety (53 '61).
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Flgure 4.1.. Tlme course for viscoslty change of ?n-
nvãluronarj soluÈíon ( I ng/nl) in Èhe presence of (a) 200 ul'l

i;z*i note ( o......1) and (b) hypoxanthine and xanthine
oxldase 1r -----t) . Changes in- specif ic viscosf.ty (1|L 

Egì"::"expressed as a percenÈ?Se of conÈrol values meagured
rh; addirion of (a) te'!./EDTA and (b) xanÈhlne oxldase'
respecrlvely. SOD 150 unlÈs/tl inhlbited vfscosity change
lnduced, by ttte XO/HX sysÈem ( | 
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), but had no ef f ect 1n

Èhe Fe'-/fut¡ sYstern (not shown).
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4.3.2 Requirement for EDTA and Lron in XO/HX system

LlËËle degradaËion of HA was eaused by the XO/HX system

ln Èhe absence of EDTA or added fron (Table 4.1).

SubstantÍal HA degradatlon occurred in ÈhF presence of 0.1

mM EDTA, and slgnlficanÈ degradation was also observed in

Èhe presence of added ferric fons without EDTA. 0ptinal

degradation was observed in Èhe presence of 0.1 mM iron and

0.1 nM EDTA. Since Èhe experlmental solutions vrere shown to

conÈain lron as a microcontamlnanÈ, these results indicate a

requirement of suiÈably ehelated l-ron for optLnal

degradatlon of HA by the XO/HX sysÈem.

Table 4.L

Effect of EDTA and lron on hyaluronaÈe

degradation by the XO/HX svstem

Experfmental condiÈions

no XO (control)

+xo
+ xo + 0.1

+ xo + 0.1

+ xo + 0.1

mM EDTA

mM FeCl,

mM FeCl, + 0.1 roM EDTA

Specif ic
(Z of

viscosiÈy
controls)

100

93

32

80

L2

at plt 7.4 with
unfts/nl

All experlmenÈs in 50 mM

L.2 ml"l hypoxanthine with
xanthlne oxÍdase (X0) as

phosphaÈe buffer
or without 0.012
indicaÈed.
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endence on concentration and oxidation1)

state of iron

In the F"2*/n¡te sysÈem, the degree of vlscosity

reducÈion was shown Èo be dependent on Èhe F"2t

concenÈratÍon ( Flgur e 4 .2) . This \da6 Èhe {as" 1n the

presence and absence of EDTA. In the laÈter case r the F.2*

in Èhe sÈock solution dld noÈ completely dlssolve but

remalned 1n susPension until added to Èhe exPerlmental

soluÈLons to lnltiate the degradaÈ1on. Deeplte thLs

difflculty, the resulÈs demonsÈrat,e degradatfon of HA by

F"2t wfthout EDTA, suggesÈf.ng Èhat E"2t does auÈoxldlze tn

Èhe absence of EDTA Èo produce an oxy radlcal flux. For

greaÈest sensitlvtÈy 1t !ìras decided Èo use t00 rrM F.2* and

l0o uM EDTA in rhe tnhlbitLon sÈudies. F"3* (as Feclr) in

the presence of EDTA, had no effect on Èhe degradaÈion of

IIA.
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^r*hyãluronate (I rng/ml)- of varying concentraÈLons'or Ie

the presence i..I'. . ..¡ and "ü""t"e 
(r -----') of 500 ul"l

"r-rã3+-i.--- 
.> in the presence of EDTA. Vlscosi'ty

measuremenÈs were made 10 minutes after the addltlon of
iron.
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2+4.3.4 AddtÈive effects of Fe /flfe and XO/HX sysrems
2+Figure 4.h "hows 

the additlve effects of Fe / nor¿, (zs

u}l) and the XO/HX systems in pr:oducing ÌlA degradation. In

thLs experiment, 25 ulul F.2*/nOf ¡, hras added to HA solution

containlng all components except the xanthine oxldase. Ten

mLnutes 1ater, when a ner^r stable value had been reached,

xanthl-ne oxldase was added to initiate the addttional free

radical f 1ux. A f urther reduction Ln viscostty r¡/as seen

which r¡as of similar magnltude to that obtained with the

enzymatic system alone, and the final vlscoslty Lndicated an

additive effect of the Fu2*/Ulfe and the enzyme sysrem on HA

degradatl-on.

i_1
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volume of EDTA (o-t), f0 mlnutes eaËlier'
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4.3.5 Ef f ect of Fe 2+ at dlf f erenÈ hyaluronlc acl-d

c onc enÈra Èions

An fncrease fn viscostty wiÈh lncreasfng concenÈraÈlons

of IIA 1s 11lustraÈed in Figure 4.1. The relaÈf.ve viscosity
r

({Ì *) increased up Èo 4 as Èhe HA concenÈraÈlon increased to

I .4 mg/nl. The ef f ecÈ of the addtÈion of 25 ,rl't ¡'e2*/ EDTA at

each concentration was Èo displace Èhe curve to the right by

Èhe equivalenÈ of 0.2 mg/nl of HA. This indicaÈed (a) ÈhaÈ

25 rrl"t Fç2+ reduces the vlscosl-Ey of HA by an amounÈ

eguivalent Èo thaÈ achleved by reduclng the tlA concentratfon

by O.2 ng/rnl, and (b) ÈhaÈ Èhis reductLon Ls noÈ dependenÈ

on the inltlal HA concenÈratl-on.
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4.3.6 EffecÈ of superoxlde dfsmutase and catalase

SOD at an actlviÈy of 20 units/*l inhtblted Èhe IIA

degradation by 847" 1n the Xo/HX system (ra¡te 4.2). In the
n)-

Feo'/ EDTA system, Èhis actfvlty had no effect and Lncreasing
I

the SOD activity up to 2000 uniÈs/*1 (protein conc. 0.7

rng/ml) produced only a 6"/" lnhlbl-tl-on. This small inhlbLtlon

can be attrLbuted to non-enzymatlc quenching of oxy

radlcals, because albumin produced a sl-m11ar degree of

inhibition at a concentraÈion approxlmate to that requf.red

to achLeve this enzymaÈÍc actlvity.

Catalase, 200 unlts/n1, LnhlbiÈed the degradaÈton by

the XO/HX system to a greater extent (89%) than the

degradaÈion caused by the t"2+/EDTA sy6tem (I6:Z). However,

at 2000 units/rnl r câÈa1ase inhlbLted the IIA degradaÈLon by

597" in the t"2+/EDTA system. At ÈhLs activity the proÈein

concentratlon !{as 0.7 rng/rnl , and sf nce 2 mg/ml albumln

produced only a 137" inhtbiÈÍon of degradatfon (Table 4.3),

the lnhibiÈion by catalase at these hJ-gher actlvLtLes (2000

units/ml) cannot be at-t-rlbuted to non-specLfl-c proteJ.n

guenching of oxy radicals.
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TABLE 4.2

of superoxide dismutase and catalase

on hyaluronaÈe degradatÍon

Percentage inhlbitlon of tt¡' degradaÈlon

3+ XO/ HXFe / nrrR

B4
94

ro9

6
3

16
4I
50

34
72
89

IL2
110

Inhtbitor
uniÈs/rnl

SOD
20

100
I 000
2000

Catal a s e
20

100
200

I 000
2000

PercenÈag e

calculaÈed

L(%) = (

1

0
I
6

fnhibLÈl-on of hyaluronate degradaÈlon ls

using the equaÈlon

1"n -q"n*t') / (n rn'"* -fl'n*t*) x I00 
'

"t "."'4 1s the specif 1c viscosLty of Èhe experLmental
I sp

soluÈLons (conÈainlng Èhe enzymes) ^nall. is they sp

spectftc viscoslÈy of Èhe control solutions (without Èhe

enzymes), bOth measured after exposure Èo an oxy radlcal

flux. n"n*"* is Èhe speclfl-c vfseosLty of Èhe Èhe control

hyaluronaÈe solutions not exposed Èo an oxy radical f1ux.
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4.3.7 Ef f ect of radlcal scavengers r chelat'ors

and Èherapeutic agents

The effects of

degradation of iIA by

sysÈem are shown in

specfffc
tf

the Fe''

Tabl e 4 .3

groups

/ n¡r¡,

( r"2+

of compounds on the

sysÈem qnd the XO/HX
f

/ntfa¡ and Table 4.4

(XO/HX) respectively.

The OI{' scavengers, benzoic acld and mannl-tol both

produced signlficant lnhlbition of IIA degradation ln both

sysÈeros 1n the urlllimolar range. Sinilarly Ëhe solvents'

ethanol and DMSO both known OH' scavengers lnhiblted I{A

degradaÈion by the p"2+/EDTA system. Slnglet oxygen

quenchers (sodlum azl.de and hisÈldtne) produced a 507. (or

greater) fnhibition of degradation aÈ 10 mM fn both

systems.

The results with chelatÍng agenÈs dfffered not only

bet,ween the F.2*/ nof¿, and the XO/HX systems r buÈ also

beÈween the agenÈs themselves. DETAPAC 1 utM and

penlcillamf ne 1-5 ml"l ( a chelating and anti-rheumatic agent)

produced signlficant increases ln IIA degradaÈlon ln Èhe

1I
Fe'' / EDTA system, l¡hereas the same concentratlons produeed

stgniflcant lnhtbitLon in Èhe XO/HX systêrtrso BPS

(bathophenanthroline sulphonate), on the other hand,

produced signLficant lnhtbltLon of degradatlon at I nM or
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greaÈer Ln both systems. However, aE a concenÈraÈLon of 50

mM, all Èhe chelatlng drugs produced a slgniflcant

inhlbiÈ1on of Èhe HA degradaÈ1on, regardless of the sysÈem

used Èo induce Èhe degradation.

/'
All of Èhe anÈi-rheumaÈLc drugs Èested, with the

exceptÍon of penlcillanLne (as discussed above), showed

inhibiÈory actlvlfy at all concenÈraÈions and at each

concentratlon the degree of lnhibítlon was simllar Èo Èhat

obtained wlth OH'scavengers and sLngleÈ oxygen quenchers at

similar concenÈraÈlons. Indomethacln, which because of its

low water solubility was Èested only aÈ a concentraÈion of I

mMr showed a modest but reproductble lnhfbLÈlon of HA

degradatíon.

GenÈ1síc acid, whf.ch ls a hydroxylated form of

salicylate (5-hydroxy-sall-cylaÈe) was equipotenÈ wlÈh

sallcylate in ínhibiÈing iIA degradation in both oxy

radical-generattng systems. Urea, a compound known Èo have

no activity as a scavenger or quenchex (76), had no

inhtbitory effect on degradaÈion.
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Table 4.3

Effects of various grouPs
hyaluronaÈe degradatlon

of
by

coq¡ounds on
Feo' / EDTA.

CO}fPOUND

Cone entra t ion ( ml,l )

OH: scavengers
Ma nnitol
Benzofc acld
DMSO
E thanol

SingleÈ oxygen que4ehere
Azide
Histidine

Chelating agenÈs
DETAPAC
BPS

Anti-rheumatic drugs
Penicfllarnlne
Salicylate
Chl oro qul-ne
Gold sodlum thiomalate
Indome thac in

MLscellaneous
ic

70
47

80
65

86
76

Pe rc enÈag e

T2

inhibiÈion of

5 rcr
IiA degradaÈion

20 50 100

5
25
22

L7
36

33
49
52

57
68
65
38

59
7T
86
55

5r
r00

23
BO

68
62

89
0

,t
7T

r00
84

39
22

55
28

l6*

35
2L

9*
19

1*
52

19
88

4B
100

t6*
28
20
11
18

5* I
72
60
48

63
84
81
75

9L
91
9l

'1
49
35

Gent i s
Ur ea
Albumin

ac id

(rng/nl)

27 45 7r 77
l*

89
3rr

95
1*

InhibiÈion
sÈirnulation
/lValues for

l3/i 13#

calculaÈed as in Table 4.2. *Values represent
of hyaluronaÈe degradaÈion noÈ inhibiÈ1on.
albumln concenÈratlon are in mg/rr1.
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Tabl e 4.4

Effects of varlous grouPs of compounds on
hyalutonate degradaÈion by XO/HX.

P erc entag e tnhibítion of HA degradation

ConcenÈratlon (rnM) t 5 IO T 20 50 100

OHI scavengers

COMPOUND

nni Èo1
nzolc acld

I1
16

64
30

70
42

2

Mã
Be

6
6

92
73 9l

84
93

SlneleÈ oxYgen quenchers

"*IlLsttdlne 9

ChelaÈing agents
DETAPAC
BPS

Anti-rheuuatLc drugs

39
L6

69
49

80
65

B4
82

57
34

I5
4L

22
77

36
95

67
94

13
l5
39
l3

23
27
46

42
51

53
97

63
62
69

94

BO
75
75

r06
2

76

99
89

I00

115
2

93

I l3
3

PenlcillamÍne
Salicylate
Chloroquine
Ind orne tha c 1n

MLscellaneous
GentLsic
Urea
AlburoÍn

ac id

(mg/ml) 1 1/l 28ll
0

ln mg/rnl .

22 31 60

InhibLÈion calculated as Ln Table
l/Values for albumin concentraÈ1on

4.2
are
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4.4 DISCUSSION

Viscometrlc analysis of HA degradaÈion caused by oxy

radicals, provides a convenient in vlÈro model sysÈemr with
/

whlch Èo study facËors Potentlally lnfluenclng synovlal

'f1uid degradation 1n diseased joints. The reProduclbiltty

of the vLscosit.y changes had allowed detailed examinaÈion of

the sequences of evenÈs leading to the foruat,Lon of the

active radical species in dtfferent oxy radl-ca1-generatLng

systêIns o

The rapid degradation of I{A observed in the n"2t/EDTA

system (figure 4.1) is due Èo the rapid auÈoxLdaÈion of

p"2t to F.3t in Èhe presence of phosphate buffer wiÈh

subsequent OH' productlon ( I50) . The slower degradat,ion in

Èhe enzyrnaÈÍc system is ln agreemenÈ with ÈhaÈ observed by

oÈher workers (41r61) and is due to Èhe slower rate of

production of oxy radlcals by thJ.s system. The degree of

degradation was much greater than ÈhaÈ observed by Hofmann &

schmur (166) whose soluÈions did noÈ conËaLn EDTA which

enhances HA degradaÈlon (see Table 4.1).

The inhibiÈ1on of IIA degradaÈion by OH' scavengers

suggests ÈhaÈ oH'Ls the oxy radlcal dlrectly resPonsible

for degradaËLon 1n both the î"2*/¡Of¿, and enzyrnatic sysÈems.
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However, based on differences ln senslÈfv1Èies Èo lnhlbitlon

by SOD and catalase, t,he mechanisms by which thls radlcal ls

generated apPear to be different in Èhe two sysÈems. In Èhe

,J-

Fe'- /EDTA system whLch 1s sensitl-ve Èo catalase but not SOD

(see also 62, 166), the following equatlons descrlbe the
r

reaction 6equence leading Èo OII'formaÈion.

2+ 3+
Fe

oz

Fe

Fe

+

+

+

+

+

oz

Hzo 
z

oH'

+oz

oz+

+o
2

+H o

2fi+

+ 2f

Fe

H o
2 2

3+Fe

oz )(

(2)

)

)+oH

zaz

t

7

3

2+

2+ 3+

(

(Fe
2 2

Reactlons (2)

whfch parÈicipates

whLch 1s sensLÈive

and (7) resulÈ Ln the formaÈLon of ll

in the FenÈon reaction (reactlon 3),

Èo catalase.



In the enzYmaÈic

caÈalase and SODr the

follows : -

IlypoxanÈhJ.ne +

92

system which

formation of

is sensLÈlve to both

OH' may proceed as

ozoz
I

2H'

uraÈe + (4

(s)

+ oH (3)

/
)

)oz

oz

Fe 2+ 3+

oz

oH'Fe

+o +
2

+Fe 3+

+H o

2 2
2+

H

Fe

z(ozo +

+

+
2 2

Nett reacÈion

H o
22 2

AÈ pII 7.4, and in Èhe absence of SOD, reaction (2)

proceeds aÈ a slow raËe and sufflcienÈ OZ ls available for

reactLon (5). However, in the Presence of SOD, reacÈLon (2)

proceeds so rapidly that reacÈlon (5) is lnhibLted by

depletlon of OZ . In the absence of added iron, Èhe

f.2*/f"3+ required f.ox the Haber-I,Ieiss ReacÈion (6) üay be

provided by impurtÈ1es in the buffer system. Sirnilarly, in

Èhe synovial fluid of paÈients wlth rheumatoÍd arÈhr1ÈJ-s '
Èhere should be adequate levels of iron (57158'155) to

caÈalyse such a reaction fn t.he presence of OZ generaÈed by

acÈivaËed leucocYtes.

ozo+ ( )6

The effect

$ras shown to be

of lron chelaÈlon on the degradation of HA

stimulaÈLon of HAimportanÈ. The observed
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degradaÈ1on by penicillamLne, EDTA and DETAPAC 1n Êhe

auÈoxldaÈ1on system is congruenÈ wlth studles using

hydroxylatlon of salicylate to detect OH' radlcals (Chapter

3 ) , and those on F"2t-lnduced lipid peroxidatlon ( I53 ) . In

the X0/HX system, all concentrations of penicillanine,
/

DETAPAC and BPS studied, lnhibited HA degradatLon. Simllar

observaÈions with DETAPAC and BPS hrere made by HalllwelI

(76>, who suggested that this effect l-s due to formation of

chelates which sequester iron required for the Haber-f'Ielss

reactíon (see also 154). The differences ln HA degradation

achieved Ln the presence of comparable concentraÈions of

differenË chelaËíng agenÈs suggests thaË important

dtfferences exlst ln the chelaÈing acÈion of different

agenÈs. The ratlo of chelator Èo F.2* concenÈratlon also

appears Èo influence F"2t autoxidatlon as shown by

differences 1n tIA degradatlon observed at varying

concentrations of indivldual chelators.

The degree of lnhibLÈlon of HA degradation by

chloroqulne, gold sodlum thl-onalate and salicylaÈe l¡ras 
\

slmllar ln both the oxy radlcal-produclng sysÈems and Í7as

comparable to the inhtbition produced by OH'scavengers and

sfnglet, oxygen quenchers at equlvalent concentratLons.

Slrnllar results rdere obÈalned wLÈh Èhese drugs ln

experimenÈs using hydroxylaÈíon of salicylaÈe (Chapter 3).

Salicylate and gentisic acid showed simllar tnhibltory
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suggesting that salicylaÈe reÈafns 1Ès abiltty to

OH'afÈer meÈabollc hydroxylaÈion to genÈfslc

In in vlËro experlmenÈs, some anÈl-rheumatic drugs. also
(

show significant tnhíbitlon of oxy radl-cal-uredlaÈed

reactLons aÈ mlcromolar conceD.traÈions. Hetzer and Lemmel

(69) showed thaÈ 150 uM indoneÈhacln produced a 5O7"

tnhtbftion of NBT reductl-on by dexÈran sulphaÈe activated

leueocytes, and Van Dyke and workers (70) found that 20 uM

indomethacln and 3 0 uM sall-eylaÈe both produced a 507"

lnhtbiÈion of chemlluminescence produced by

zymosan-actlvated leucocyÈes. SinLlarly, indomethacln (tOO

uM) tnhibl-Èed by 5o% Ëhe eytochrone c reductLon produced by'

tetrapepÈ1de-activaÈed leucocytes (67), and 80 uM inhl-bited

bovine synovial f luid degradatlon by 967" ( 7I ) . Ilowever, in

some of Èhese experiments, eÈhanol and DI"lSO IiIere used l-n Èhe

preparation of soluÈl-ons and as is shown l-n Tabl e 4.2, these

SolVentS Are POtenÈ OH' ScAVengerS. In Our experlnents, t

mM ÍndomeÈhacln only proiluced a L3"/. lnhlbltlon of HA

degradation.

These examples underllne the dlfferences 1n reported

ftndings on tnhibiÈion of oxy radical reactions by

scavengers, quenchers, chelating agents and anti-rheumatic

drugs in Ln vltro experiments. These dtfferences are
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undoubÈedIy tnfluenced by differences fn methods of

productlon and detectlon of oxy radicals and other

experimental condl-tlons (167). The superLorlÈy of one

rnethod over anoÈher ParÈlcularly in predlcting Èhe

therapeuÈ1c activity of test compounds lsrlet to be

established. Hovrever, all sÈudles to date, J-ncluding the

present sÈudy, are comPaÈible with the concePt that the

ÈherapeuËic activity of some anti-inflammatory drugs may Èo

some exÊent be atËrlbuted to Ëhei.r abtlity Èo intercepÈ oxy

radicals. In this contexÈ it ls worÈh noÈ1ng thaÈ, although

t,he concentrations of the anÈl--rheumaÈic drugs required for

inhibltion of oxy radical effects in vitro have generally

been higher than those achieved in plasma and synovial flutd

in vivo aÈ therapeuÈie doses, higher concenÈratlons may be

achLeved aÈ lmporÈant micro-locatLons, such as secondary

lysosomal vesicles in the case of chloroquine and gold

(159r160), where oxy radicals are generaÈed (f 61rL62r163).

Because oxy radicals, fn Particular the hydroxyl

radlcal, may be important medLaÈors of Ínflammatl-on, the

development of neIAI therapeutic agenÈs capable of abrogatlng

Èhe formation of oxy radfcals, may offer a nerl apProach to

the ÈreaÈment of lnflammaÈLon. Iron chelators, by

sequesÈerfng iron so as to preclude 1Ës partlcipatLon Ln

OH' generaËing reactions, provide an example of thLs

approach.
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4.5 SU},I},IARY

Degradation of hyaluronlc acid (measured

viscometricafly) by oxy radlcals generated by (a)
I

autoxidatfon of ferrous EDTA chelates and (b) enzynatically

by xanÈhine oxidase and hypoxanthLne (XO/HX) ' Idas used as an

ln viÈro model of oxy radical-medl-ated tissue damage.

DegradaÈion of HA by XO/ HX was strongly lnhibited by

superoxLde dlsmutase and catalase, whereas degradation of IIA

by autoxidation of ferrous lons was weakly inhtblÈed by

catalase, and unaffected by SOD. Both oxy radical producing

systems were lnhtbited by hydroxyl radical scavenger6

suggesting that hydroxyl radlcal lras Èhe proximate damaging

species Ln both systens. Peniclllanine at concenÈraÈfons

l-5 mM stimulated HA degradatfon by ferrous EDTA chelaÈes

bur inhfbited degradatLon by the XO/HX system. Higher

concentraÈlons of penlcll1anine, and all concentrations

studled ( 1-1OO rnl"l) of other anti-tnf lammatory drugs

(chloroqulne, gold sodlum thÍomalaÈe, salLcylate) inhtbited

IIA degradation by both the autoxidatl-on and enzymatic oxy

radical producing systems, Ìntith tnhtbitory potency slmllar

to that seen wLth known hydroxyl radlcal scavengers.
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CHAPTER 5

GENTISATE:

A SALICYLATE METABOLITE IIITII ANTI-OXIDANT PROPERTIES

/
5.1 INTRODUC T ION

GentisaÈe may be formed by the actlon of hydroxyl

radicals on salicylaÈe (75)' Synovial fluld gentisate

levelshadnoËbeenreportedpriortothesesÈudieswhlch

were undertaken to determlne the degree of correlaÈlon

beÈweenplasmaandsynovialfluldgentisateinpatl.ents

taking anti-inflammatory doses of aspirin/sallcylate Ln

order to determine ( a) whether there \^ras 1l-ke'ly Èo be ready

equllibraÈion between genÈisate ln plasma and synovial

f lutd, (b) whether Èhere vras any signif l-cant peripheral

converslon of sallcylate to gentl-sate (posslbly reflecÈing

oxldatl-on of salieylate by oxy radicals generated 1n

inflamed joints), and (c) wheÈher SentlsaÈe levels acheived

in lnflamed joints were comparable to concenrratlons causing

anti-oxidant effects in some in vLtro systema.
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5.2 METITOD S

5 .2.1 Patlents

Patients wlth knee effusl-ons attending the Royal

Adelal-de HospLtal-The Queen Elizabeth Hospltal Rheumatology

Unlt srere invlÈed to parttcl-paËe in Èhe sludy. Patients

already taking aspirin in antl-inflamnatory doses ïrere

assessed to obËain c1lnical dlsease activity scores (see

below) and synovLal fluid and blood samples hTere Êaken

conÈemporaneously. PaËients not taking aspirin and for whom

no contral-ndications to aspirin theraPy existed, vlere given

sustal-ned release aspJ-rin (a gif t f rom Èhe Boots Co.

Ausrralia pry. Lrd.) sfx to eight 650 mg tableÈs dally in

divtded doses for one week. They Ì{ere then subjected to

disease activlty assessmenÈr asPiration of knee effusion and

venepuncture. FourÈeen patienÈs had rheunatoid arthrl-tLs.

Six additLonal patients had other diagnoses; Psoriatlc

arrhriris (2> , osÈeoarthrosis (2), ankylosing spondylltÍ.s

(l) and post-traumatlc synovltis (1).

5 .2.2 Assessment of disease activitY

Dlsease activiÈy \^7as assessed as

Ida s

f ollohrs:-

scored as Present (I)t Tenderness or paln on motfon

or absent (0) on a total of

jolnts (see below - maximum

JoLnt swelling hras scored as

2I jolnÈs or groups of

possible score 2I).

present ( I ) or absent (0 )2.
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in l6 jolnts/groups of jolnts

(maxLmum possible score = 16).

Duration of morning accentuatfon of stlffness.

ErythrocyÈe sedimentatLon rate (lJestergren).

r
The fo1lo¡¿ing joinÈs on each slde were assessed for (a)

'joant Èendelness or pain on movement and (b) swelllng:

proxlmal lnterphalangeal jolnts of hands,

metacarpophalangeal joinÈs, metatarsophalangeal jof.nts (each

of Èhese groups of jolnts contrLbuted Èo t,he score as if a

single unit based on relevant posÍtlve ftndl-ngs in one or

more joinÈs of a group) , htrl-sts, elbows, shoulders,

ankles/hindfeet, knees. The hips and ÈemPoromandibular

jol-nts on each sLde, and the neck rìIere assessed f or pain on

moveDent or tenderness (but not swelling).

A total score qtas obÈained as f ollorrls:-

JoinÈ tenderness/paln on movement score plus jolnË swelltng

score plus morning stfffness in hours plus ESR in crns/hour

( l.e. mn/hour divided by I0) .

5 .2.3 Collectlon of samples and assays

Blood and synovf-a1 fluld samples for assay of

saltcylate apd metabollÈes were placed directly Lnto tubes

containing lithiurn heparf-n. SalicylaÈe, sall-cylurate and

gentisate concentraÈfons fn plasma and synovial fluid h¡ere
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measured using a modified HPLC assay (71). Followl-ng

protein precipitatl-on wlth an equal volume of acetonitrile

containlng the internal standard o-methoxybenzoic acid (20

rng/m1) , samples hrer:e chrornatographed using a I'Jaters

uBondfpak Ctg column and detected aL 323 nm. The mobile

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

20 / 417 6 , l/as run aL 2 rnl/mlnute .

5 .2.4 ln vitro studies of converslon of salicylate to

gentisate by an oxy radj.cal flux

Ferrous sulphate ( 100 ml"l) rras f reshly prepared l-n I00

mM EDTA (pll 7.4). To initiate the hydroxyl radical flux,

thl"s v/as then added ( in amourìts requlred to give f lnal

concenrrarions ranging from 0. I co 5 .0 mM È'es0o/ uurn) ro I.0

mI4 sodium salicylate in 50 rnltf potassium phosphate, pH 7 .4.

Af ter lncubation f or one hour at 25o c, these solutlons r¡¡eì:e

frozen until assayed by HPLC for salicylate and gentisate,

as above.
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5.3 RESULTS

Results of plaema and synovial fluid salicylate

analyses are shown 1n Flgure 5 . l. It can be seen that there

$ras a close correlaÈ1on between plasma and synovlal flutd

salicylate levels (r = 0.94, n = 20) suggd'stlng ready

equilibration of salicylate between Èhe plasma and synovJ-a1

spaces. Sl-mi1ar degrees of correlaÈion were observed

between plasma and synovial fluld levels of salicyluraÊe

(Flgure 5.2, r = 0.90r o = 20) and gentlsate (Figure 5-3, r

= 0.93, n = 16).

In order to determLne wheÈher Èhere rrlas any correlation

between Èhe degree of converslon of salicylate to gentisate

and dlsease acÈlvity scores ' ratLos of gentlsate and

salfeylate 1n plasma and synovial fluid rùere conputed.

Patlents wlth rheumatoLd arthrf.tis hlere grouped accordlng Èo

eeverfËy of dlsease actlvity. Although numbers in each

group are small therê I¡{ere no dlscernible trends ln ratios

of gentisate t,o salicylaÈe between patients wirh mtld or

more severe dlsease actf.vlty or between paÈLents wLÈh

rheumatoid arthritls and those wiÈh oÈher dfagnoses (Flgure

5.4).
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The ln vftr*o converslon of salLcylate to genÈlaate in

Èhe preeence of a hydroxyl radlcaL flux Ls shown l-n Fl'gure

5 .5 . Concomf tanÈ df.eappearance of salf.cylate !üaa ob served

wLÈh the appearance of gentisate, which accounted for

approxlmateLy 35"/. of Èhe salLcylaÈe loss. The remaf.nlng

salfcylate oxJ.datlon ptoducÈs vtere not deçdctable uefng the

HPLC ureÈhod deecrLbed above. In partlcular, a

213-dlhydroxybenzoate standard !ùaa noÈ satisfactorf1y

resolved.
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5.4 DISCUSSION

A close concordance between steady staÈe plasma (total

and unbound) and synovial fluld levels of salieylate has
I

been sho¡,rn previously ( 168) . The Present study conf irms

thls work and demonstrates a slmllar concordance bet\deen

levels of sallcylurate and gentlsate. It has been shor¿n

(169), that salLcylate can be measured in synovLal fluld

wLthln I0-30 minutes of single dose salicylate ingestion.

Accordingly, loca1 productlon of gentisate 1n inflamed

j of.nts may have occurred but have been masked by rapid

equilLbration of the genÈ1saÈe inÈo the plasma sPace.

There r{as no discernlble dtfference 1n salicylate to

gentfsate ratios ln plasma or synovial flufd between the

rheumatotd and non-rheumatoid groups nor \ùere there any

slgnlficant differences (as assessed by rank analysis)

beÈween Ëhe rheumaÈoid paÈfents with mild' moderate or

severe dLsêêsê¡ It coul-d be argued that if converslon of

salieylate t,o gentlsaÈe by oxygen radlcals ln lnflamed

jolnts If,ere the dominanË mechanism for bioconvetsion of

salicylate to gentlsaÈe then one would expect hlgher ratl-os

of gentfsate to salicylate fn plasma and synovial fluid

samples of patfenta wlÈh actfve dLsease than ln samples from

patients v¡lth less actfve dLsease or non-inflammatory joint
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dLsorders. However, to daÈe a valLd measure of overall

leucocyte-medfated oxy radl-ca1 productlon in lnflammatory

disorders has not been establl-shed, and any correlatlon

beÈween oxy radical productLon and clinical measures of

disease actf.vity remalns speculative.
/

If an oxygen radlcal-mediated converslon of sallcylate

t,o dihydroxybenzoates Iüere operative, Èhen

dthydroxybenzoates wLth hydroxyl groups in an

Ortho-conflguration (e.g. 213-dihydroxybenzoate) should be

formed in addLÈlon to gentfsate (hydroxyl groups in

Para-configuraÈion). In the Present study, lÈ was not

posstble Èo conflrm or exclude the Presence of

2,3-dLhydroxybenzoate 1n plasma and synovial fluld samples

because thfs compound uas not detected by the HPLC assay

used. Under .þ vivo condlÈions r conversfon of Para- and

Ortho- dlhydroxybenzoates to corresponding quinones may be

expected resultlng 1n reduction of measurable gentlsate and

213-dfhydroxybenzoate (if presenÈ). Futhermore, since

2,3-dlhydroxybenzoate Ís more suscePtible to oxldation to

lts (Ortho)quinone Èhan gentisate (to a Pata-quinone), Lts

presence 1s ltkely to be more translent.

lJh11e no support for perLpheral conversion of

salicylate to genÈ1saÈe or 2 t3-d'thydroxybenzoate \¡tas

obÊalnedr oD the basis of avallable evidence, thls mechanism
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cannoÈbeexcluded.ThePresenceofgentisate(andpossibly

2 13-dihydroxybenzoate) in synovJ'a1 f luid nay have

sl.gnlf lcance because quinone-f ormfng dJ-pheno1s, lncluding

gent.isate, are anLi-oxldants (170)' Furthermore' these

agents may nodlfy the effecÈs of oxldants such aa Èhose
/

secreted by leucocytes at sltes of inflammaÈion at

concenEratíons siml-1ar to Èhose found Ln these Patient

samples(78).A1soÈheirquinonederlvaÈivesmayhave

lmportanÈbiologicaleffectsthroughcovalenÈbondingwl.th

proteins.

5.5 SUMMARY

A sÈudy rdas underÈaken Èo deÈermine levels of

gentisate,anantioxl.dantmetaboliÈeofsall.cylate'l.n

plasma and synovial flutd samples from patlents taklng

anÈi-inflammatory doses of asplrln. A close correlatlon

beÈween plasma and synovLal fluid concenÈraÊlons I¡Ias found

for(1)salicylaÈe'(il)saltcyluraÈerand(1ii)genÈl-sate'

in 20 paÈlents studied. These dat'a suggesÈ ready

equilibratlon of these compounds beÈween the plasma and

synovlal sPaces. In vitro exPeriments conflrmed Èhat ln the

presence of an oxy radical flux, salicylate is oxidised to

gentisate. Ho\fever, no evidence r{as obÈalned Èo lmpl1caÈe

perl.pheralconversionofsallcylatetogentl.satelnlnflamed

joints r¡here oxy radlcals may be produced '
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CHAPTER 6

},IACROI"IOLECULAR CONJUGAÎES OF SUPEROXIDE DISMUTASE (SOD) :

STUDIES OF CLEARANCE ANTI- INFLAMMATORY EFFECÏ

AND I}4MUNOLOGICAL REACTIVITY
/

6.1 INTRODUCTION

This chapter describes sÈudies using three dtfferenÈ

crosslLnked protein macromolecular conjugaÈes comPri.sJ-ng

respecrlvely (a) soD and albumin, (b) soD-soD without

albumin and (c) albumin-albumin without soD. studles of

clearance (fron blood and pleural spaces), antl-fnflammaÈory

effeet and lmmunological reacÈiv1Èy are descrlbed.

6.2 MATERIALS AND METTIODS

6.2.r Pre Daration of coniugaÈes

cu-zn superoxLde dismutase (soD) was isolated from

bovfne liver or human eryÈhrocytes according Èo the method

of l"lcCord and Fridovich (3 2) . Bovine liver SOD was also

obÈained from Sigrna Chemicals, St, Louls, MO. SOD

actlvl-ty lüas assayed by Èhe inhibiËfon of ferricytochrome C

reduction by enzymatÍca11y generated superoxide (32).

Rabbit and rat albumins ( Stgura Chemlcals , St . Loui" , 1"10. ¡

rùere crosslLnked Èo SOD l.riÈh glutaraldehyde uslng a
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modifleatÍon of a prevlously described method (I20). The

procedure Í/as as follows (Method A): SOD I mg and albumin

50 ng rùere added to o.o2 M sodium phosphate buf fer, plt 7.4,

I rnl f ollov¡ed by glutaraldehyd e 257" Ln dtst1lled \Árater 1O

ul. The reactlon lras allowed to proceed at,4oC for 4 to 5

h.. The reactlon was ÈerminaÈed by the a¿âftion of glyclne

12 =ng¡ and the,-'mixt.ure dlalyzed againsÈ several changes of

O.13 M NaCl-0.16 M glyclne, followed by gel flltration on a

Bf o-Gel A-0.5 m agarose column wl-th an excluslon ltrniÈ of

5 OO, OOO daltons ( Bio-Rad, Richmond , Ca. ) .

In later studles the crosslinklng method I,\Ias nodlfied

as follows (Method B)¡ 30 mg SOD and 300 mg albumin l¡Iere

dlssolved 1n 3.0 ml of 0.02 M sodiun phosphaËe buffer, pH

7 .4, f ollowed by 30 ul glutaraldehyd e 257" Irn I'taÈer, wLth

terminaÈion at 5 hours by addlng 36 ng glyeine. The

mixture vras dialysed overnlghl against 0.13 M NaCl + 0.16 M

glycine, followed by gel filtratlon on Sepharose 48.

The columns were equilibrated and maÈerial eluted wlth

o.02 M sodium phosphate buffer, pH 7.4, containing o.l3M

NaCl . Callbration rìIas achelved usLng as s tandards

cytochrome C, SOD, bovine serum albuminr B-galactosidaset

myosln, thyroglobulin and xanthine oxidase. The conjugates

were concentraÈed using an Amicon ultrafiltratlon cell wiÈh

a PM I0 fLlter, and then stored at 40C wLth l0 unlts/*1
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penlclll fn .

The proÈein concenÈratlon of the conJugaÈe solutions

was derernined by Èhe nethod of Bradford (tzt) using

coomassie brilllant blue G-250 (slgna Chemicals). The
/

conjugates Í¡Iere concenÈraÈed using an Amicon ultraflltraÈion

cell with a Pt4 t0 fllÈer and stored at 4oC wtth penlcttlln

1O U/nl, or snap frozen in dry l-ce-ethano1, lyophilLzed,

stirred aÈ 4oC and reconstituted wl-th phosphate-buffered

saline, prlor Èo usêo

6.2.2 CLearance studies in rats

LewLs raÈs (150-3OO g) were used Èhroughout for ln vivo

sÈudies. Plasma clearance of SOD enzymatic acÈiviÈy !'Ias

deÈermined follo¡¡ing lntravenous lnjecÈ1on of rlatL

alburnin-SOD conjugates of specified molecular weLght ranges '

Rats tlere bled from Èhe tall veln. In inÈrapleural

clearance studies, the test Preparations I'rere injected lnto

the rtght pleural cavlty. At sPeclfled times the rats $Iere

sacrificed, Èhe cavity exposed and r¿ashed out wiÈh 5.0 nl

isotonfc saline. The washings rlere Èhen cenÈrifuged Èo

remove cel1s, and Èhe supernaÈant assayed for SOD activity.
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6.2.3 AssessmenÈ of anti-tnflammatory effect ln raÈs

Antt-infla¡nmatory activlÈy ln rats lras assessed by

lnhibltion of carrageenan-induced paIü swelllng ( 133 ) . Test

preparaÈlons Ìdere injecÈed lnto Èhe right saphenous vein of
/

unanaesthelLized rata ÍmnediaÈely prlor to f.njection of

carrageenan IîÁ 1n sall-ne O.05 ml lnto t.he lef t PaIìl. Each

treatmenÈ group comPrised 8 to IO rats matched for weight.

Paw volume was determined blind by dlsplacemenÈ of ú7ater

before and 4 h after lnjection. Percent inhtbltlon was

calculated by comparison with a saline (fntravenous) and

carrageenan (paw) injecÈed control group included fn each

experímenÈ.

6 .2. 4 ImmunoreactfvlÈY of, coniugates in rabbits

To test Èhe lmmunogenlcity and antigeniciÈy of bovine

llver SOD-albumLn conjugaËes prepared by Method A' groups of

t,hree, 2 month old rnale New Zeal-and rabblÈs were glven

repeaÈed injections of the followlng: (a) free SODr (b)

rabbit albumln, (c) conjugates of rabbl-È albumln alone

(prepared by the glutaraldehyde-crosslÍnkng reaction l-n the

absence of soD), (d) rabbit albumin-soD conjugates, (e)

raÈ albumln, (f) conjugates of rat albumln alone, (g) rat

alburnin-SOD conjugaÈes. All conjugates for injection üIere

obÈalned from fncluded fxactlons collecÈed by BLo-Gel A-O.5

m agarose ehromatography. Al 1 J-n j ectlons !{ere glven
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accordLng Èo Èhe fo1lowi.ng schedule. On days L r2 and 3 ,

2 rnl proteln (2 rng/nl) honogenlzed wlth l ml compleÈe

Freund's adJuvant Iüaa lnjected inÈramuscularly lnto the

hindquarÈer of the rabbiÈ. 0n days lOr 11 and L2 the

lnjecÈions were repeaÈed wlthout Èhe adjuvênt. On day 19I
rhe rabblÈs rrere gf.ven boosÈer injectlons of I ml proteln,

and 7 d,ays later bled from the ear vein. the antl-aera

obtained hrere tesÈed for precipitatlng antlbodies by

Ouchterlony double diffusion 1n agaÊ gel (L72).

ApproxÍmately L2 ul of each antlserum ülas tested agalnsË O.l

to 50 ug of antigen proteLn. In addfÈion¡ uP to 3OO ug of

Èhe alburnin-S0D conjugates vlere used 1n order to comPensate

for Èhe relatlvely 1ow conÈribuÈfon of SOD to the total

proteLn content of t,he conjugates.
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6.3 RE SULT S

6.3. I Characterfstics of macromolecular SOD con u ates

Under the condiÈLons of preparatLon descrlbed, the

glutaraldehyde medlaÈed crossllnking reactfon provfded more
f

than 5O% retention of the orLglnal enzyrnaÈJ.c actlvLty of

(bovine lfver) SOD ln (a) rat alburnin-SOD conjugaÈes

(methods A and B), (b) rabbLt alburnln-SOD (nerhod A), (c)

human albunin-SOD (methods A and B), (d) horse albumin-S0l)

(rnethod B) , and ( e) SOD-SOD conjugates. Simfllar findlngs

were obtaLned with human eryÈhrocyte SOD conjugated Èo

eLther rat albumin or human albumfn (method B).

FractionaÊion of conJugatlon products by gel ffltration

yielded conjugates wLth apparent nolecular weights ranging

upto 2 x 106. Ftgure 6.I shows a representattve profile

of elution of SOD actÍvity and protein (absorbance aÈ 254

nm) obÈained rdith a rat albunln-SOD preparation (llethod B).

A sma1l proportlon ( up Èo 5"/") of SOD remained uneon j ugared

ln some preparaÈlons (nolecular weÍght of native CuZn SOD

tL
3 .2 x l0 ') . These flndlngs are congruent with

chromaÈographic profiles of conjugates prepared using SOD

and L25Í-Labelled rar albumin (Method A) (173).
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Indivldual and pooled fractLons stored at 40c 1n the

presence of 1O units of pencilLin suffered no deÈectable

loss of enzymaÈic acttvlÈy over a perlod of one month.

FractLons qutck ftozer. in a dry ice-eÈhanol baÈh and

lyophilized for long term "rot"r., exhlbfÈed virtually
/

complete reÈentLon of activf.Èy upon reconstitutlon.

'"'Alburnln-S0D complexes sub j ected to slow f ree zj-ng ( plaeed

dfrectly lnto a -2OoC fxeezex) and thawing formed visible

aggregaÈes with removal of soD actlvÍÈy from soluÈ1on and

accordinBly, this Procedure was avofded.
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molecular wefgnî ( ã"itpns) of iractLon constiÈueçts lnclude:
Fracrlon L4, ii.g'" t06; Fractlon 28, 1.3 x l0'; Fraction
i¡, z.o x ioa.
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6.3 .2 Clearance studies in rats

Plasma clearance of l-ntravenously lnjecÈed unconjugated

SOD rfas very rapld (tt/Z = 6 nins), whereas the clearance of

the conjugated forms of soD qras biphaslc and conslderably

slower (Ftgure 6.2) wLth tt/Z = 3-5 hrs for. phase I, and
/

xt/2 = 6-L2 hrs for phase II (Table 6.1). Figure 6.2 and

Table 6.1 '-stow 'tesults -oùtatned usfng conjugaÈes f ormed by

Method B. Sinilar f índings r^rere obtaf n IdiEh conjugates

wlth a proportlonately higher albunin conÈent formed by

Method A.

TABLE 6. I

Pl a sma clearance of SOD actlvlt followl inÈ rav enous
niect on nÈo rats

In I ection

SOD
(3000 units/ke)

SOD-SOD eonjugaÈes
(3 OO0 unlts/ kg )

SOD-Albumin conjugates*
(2500 units/kg)

SOD-Albumin conj ugates*Jc
(2500 unJ.ts/kg)

Plasma half tfune

phase I phase II

6 nin

3 hrs t0 hrs

4 hrs 6 hrs

5 hrs 12 hrs

conj ugate s ,

9.- r7) xThe molecular wefghts I¡rere as f ollows: SOD-SOD
(3.5 9.0) x 10'; SOD-AIbunrl-n conjugat€s*, (6.
10'; SOD-AIbumin conjugates**, (2.5 - 6.0) x 10
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acÈlviÈy in the pleural caviÈy dlnLnlshed wlÈh a

of 2.5 hours followLng lntrapleural lnjectLon of

whereas the clearance was delayed (EtlZ - 7 hrs)

conJr¡gaËed to albunin rlas lnjected (FLgure 6.3).
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Flgur e 6.2. Plasma clearance of soD acÈlvtÈy f o,11owf ng

Lniravenous injectlon of SOD preParations Lnto raÈs '
Free SOD (a-t)'
SoD-A1bunin conjugaÈes Mll (6.0 l7) x rO54o-o) '
SoD-Albunfn.onjugaÈes Ml'tr (2.5 6'0) ë I0' fr7x)'
SOD-SOD conJugates MI'l (3.5 9 '0) x t0- ê-a) '

comput,ations of phase I and II plasma half-ÈLmes are
presenEed 1n Table 6. l.
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fntrapleural fnJecÈfon.
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6.3.3 Antt-lnf1amm atorv effects of con'iugates ln raÈs

unconjugated soD was wlthouÈ detectable

anÈi-fnflammatory effect ln rats when given as a slngle

inrravenous dose of up to 3r000 units/kg body-welght (tab1e

6.2). SLmilarly unconjugaÈed alburnin, given intravenously
/

aÈ 33 ng/kg' vtas withouÈ deÈectable effect'

soD-albumin conjugates had anÈi-lnflammatory acÈlvity

wlth maxlmum lnhibLtion (7O 80 7") betng seen with doses of

3000 unLts/kgr ProÈetn 33 mg/kg (Table 6'2) '

Alburnfn-albumln eonjugaËes had a comparable

antl-lnflammaÈory effect in similar exPeriments (Table 6'2)'

The antl-lnflammaÈory effects of the soD-albumin and the

albunin-albumln conjugates Idere independent of the molecular

welghts of the conjugaÈes wiÈhin ¡he range 30r000 to

2r000r000 DalÈons (fa¡te 6.2). Tabte 6.3 shows Èhat ln a

single experiurent, albumln-albumin conjugates and

SOD-albumin conjugaÈes had equlpolent antl--inflammaÈory

acÈlvlty, and ÈhaÈ Êhis actLvity was dose-dependent.

conjugates of soD alone (prepared by cross-1lnkLng soD Ln

Èhe absence of albunin) Í7ere Èested for antl-inflammatory

acÈiv1Èy in three separate exPerlments (toÈal of 30 raÈs

lnjected). At a dose of 3000 unLÈs/kg, O'7-2'O ng

protetn/kg 4I-68% inhibitlon of Pavl oedema s¡as seen' Thus

the antl-lnflamnaÈory actlon of soD-soD was apProximately

equfpotent to Èhat of SOD-albumin conjugates when related to
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enzymatic actlvlty, but was consLderably more potent than

eíther SOD-albumln or albumin alone conJugat.es when related

to Èhe amount of protefn injected.

Table 6.2

Inhibitlon of caÊÊageenan-lnduced

by SOD, albumln and their

(
rat paw oedema

conjugaËes

% inhlbltion pI a sma
SOD acÈivityIniecÈl-on

(untts/ml)

paw swelling of paw swelling

(gms)

EXPERIMENT
Sa1lne control
SOD
SOD-albumin con
Poo
Pool II
Pool III
Pool IV

EXPERII"ÍENT 2
Sa1 ne con¿ ro1
Albunln
Albunin-albumin
Poo I
Pool II
Pool III
Pool IV

L.L2
1.07

0.2(B)
0 .2(7 )

0.98 +
0.87 +
aÈes
0.21 +
o.22 +
0.24 +
o.22 +

(8)
(e)
(10)
(e)

0.2(24)
0.2(16)

0
I1

80
78
76
78

53
53
6I
77

<r0
<r0

<10
<r0

*
4
10
L2
L2

u
34
56
50
35

0.1
0.1
0.2
0.2

+
T
F
t

es

+
+

at
0.1(3)
0.1(7)
0.2(8)
0.1(4)

+
+
+
+

0
4

con
0.5
0.53
o.44
0.26

<r0
<10
<10
<r0

Bracketed values fndicate animal
SOD injectlon 1v. of 3000 unlts/k
ng/ke. In experiment 2 - lnjectio
albumin; nolecular wçtght ranges
Pool I (17 - 20)x 10- Daltons, Po
Daltons,. Pool III ( 2.7 - 6.4)x I
2.7)x I0' Daltonso oExperLmenÈs I

dtfferent days. Mean t SD

numbers. In experiment I
proteLn approx. 33

1v. of 33 ln1/kg of
pooled f.xactions ryere : -II (6.4 t7)x 10-
Daltons, Pool IV ( 0.3

8r
n
of

34
and 2 were performed on
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Table 6.3

Comparlson between lnhÍbi¡1on by S0D-albumln

and albumin-albumln conjugates of

caxrageenan-induced rat pav/ oedema

Inj ectlon

Saline control

Albunin- albumin con-i ug ate s

5 mg proÈein/kg

20 mg protein/kg

SOD-albuurin con iugates

5 00 units S0D/ kg

(S mg protein/kg)

2000 unlts SOD/kg

(ZO mg protetn/kg)

pae/ swelling

(g*s)

1.24 + 0.2

0.7 2 + 0.2

0.40 + 0.2

% lnhibltion

of pahr swelltng

0

42

6B

Sixteen
of SOD-a
17) x I0

rats ü/ere

+

0.71 + o.2 43

0.49 + 0.3 61

used in each group" The molecular welghts
albumln-albumin eonjugates \^7ere (2.7bumin ar¡d

Daltons.
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6.3.4 Immunoreactivl-tY of coniugates in rabblts

The results of studles 1n rabbits of inmunogenicl-ty and

antigenicf.Èy of homologous (rabbit) albunln-SOD conjugates

and heÈerologous (rat) alburnin-soD conjugaÈes and thelr
/

components are shown tn Tablê 6.3 . The lnmunogenlcity

( âb'1,tf'r'y ro eLictt an anËf.body response) and antigenl-city

( abllity Èo react I^Iith antibody) of bovlne lfver Cu-Zn SOD

lras demonsËrated by a poslÈive PrecipiÈln reactLon between

native SOD and sera from rabbits f-njected with natlve SQD.

NaÈive SOD reacted with the serum from one of three rabbits

injected r¿ith rabblt albuurin-SOD conjugates indicatlng the

presence of antlbodles againsÈ soD 1n Èhis animal. The

6erum of thl-s anLmal dld not react with rabbl-È (or rat)

albumin presented as natLve albumin or conjugates,

lndLcating thaÈ no antLbodies Írere formed against the

albumin moiety of the conJugates. Rabblt albunin-soD

conJugates were non-anÈLgenic as evidenced by absent

precipitln reacÈl-ons Èo all antf-sera including anÈi-sera to

SOD. Predictably, rat albumin was immunogenlc and antLgenlc

whether presented as natlve rat albumin or conjugates.

Antf-sera to raÈ albumÍn-SOD conjugates reacted wiÈh native

rat albumin, conjugates of raÈ albumin and rat albumin-S0D

conjugates, but did not react v¡lth naÈl've SOD ' This

indLcates that the antibody response was restricted to the

albumin moietY of the conjugates.
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TABLE 6.3

Immunoeenlcftv and antigeniciÈy of crosslinked

albuurLn-SOD coniugates .

ANT IGEN S

SOD Rabb I t
albumin

Rabb i t
albumin
a1 one
conj ug

Rabb I t
alburnin
SOD
conj ug

Rat Rat
alþnin albumln

a1 one
conjug

Rat
alb
SOD

conj

three
a1 one

SOD

Rabb I È

albumin

Rab alb
alone
c onJ ug

Rabb i t
alb- SOD
conJug

Rat
albunln

Rat alb
al one
conj ug

Rat alb
SOD
conjug

Results are shown for reactlons of anÈlsera raised l-n
sepafate rabbLts for each antlgen. Conjugates of albumin
were formed by glutaraldehyde reaction in absence of S0D.

+ IndlcaÈes a preciptÈln reacÈLon wlth the antl-gen shown.

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+

IndicaÈes a negative Precfpitln reaction.
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6.4 DISCUSSION

These sÈudles demonstrate a number of deslrable

properties of albunln-SOD and SOD-SOD conS/ugates. The

conjugates are easy to prepare and composed of relaÈively

inexpensive and readily avallable materlals (bovine llver cu

zn soD and albumin). The conjugates are relaÈlvely stable

upon srorage wl-th respect Èo soD acÈlviËy and in vivo

anÈi-inflammatory properÈies. LyophtlLzed conjuSatesr whlch

c¿n be reconstituÈd wlthout loss of activlÈY, provlde a

formulatlon suitable for prolonged storage prlor to üsê.

The plasma clearance of conjugates (half-time of enzymatLc

activity of uP Èo 15 h) is sufflclently slorq Èo allow use of

conjugates in studies designed to examlne the actLons of

superoxlde Lons (and related oxygen-free radlcals) and S0D

ln vivo.

soD-albumin and soD-soD conjugaÈes lIere found to have

potent anÈi-fnflaumaËory activlty ln rats with

ca:-rageenan-induced palÀt oedema. The inhibl-tf on of

ca'axageenan-lnduced Paw swelll-ng achieved was similar t'o the

maximum effect obtalned wlth non-steroldal anËl-fnflammatory

drugs (NSAIDs). (I^llth NSAIDs EhLs degree of tnhlbition 1s

lnvarlably associated with acute gastric toxLcity (f33)).
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However, albumin-albumin conjugaÈes $Iere found to have

antL-inflammatory activfty, so ÈhaË Èhe antl-lnflammatory

actlon of Èhese SOD conjugates could not necessarily be

at,Èributed to Èhel-r enzymatlc activity.

f
The enzyme fndependent anti-inflammatory actlon of

conjugaÈes may, in parE, be related to their macromoLecular

configuration, because a varlety of macromolecules have been

shown to possess antl--inflammatory effects (174) '

AlternaÈively or additionally, the crossllnking Procedure

may alËer the protein constituenÈs of conjugates ln such a

rúay as Èo make Èhem capable of depleting cLrculaÈing facÈors

(e.g. complement) requlred to mounÈ an lnflammatory response

at Èhe assessment slte. The findings dictate cauÈlon in

interpreting sÈudies demonstraÈJ.ng Ln vivo effects of

macromolecular conjugates of SOD (or other enzymes) and

attrtbuÈing the observed effects to alterations Ln the

avallablliÈy of the enzyme aÈ the sLte of Èhe process under

assegsmenÈ.

conjugatÍon of soD wlth albumin resulÈed ln dLnlnlshed

lmmunogeniciÈy and anÈfgenicíty of soD. using the rigorous

Lmmunizatl-on schedule described (Ínvolvlng repeated

injection of antLgens with and without complete Freund's

adjuvant), only one of Èhree rabbits lnjected wlth rabbLt

albunin-soD conjugates developed a Precipttatlng antibody
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agalnsÈ SOD, whereas all three rabbits gl-ven natlve SOD

developed antLbodles to SOD. Furthermore, albunin-SOD

conjugates were shown to be nonantigenic Ln the presence of

antLbodLes to SOD. These findlngs are encouraging for the

possible therapeuÈlc adninistratlon of homologous
f

alburutn-SOD eonjugates by intravenous injection.

Further studies aï-e requlred to assess the toxiclty and

immunogenicity and antigenicity of conjugates gJ-ven

repeaÈedly by inject,ion intravenously or by other routes

(intranuscularly, intxa-artlcularly). Rates of clearance of

plasma SOD actLvLty eould alter wiÈh prolonged dosl-ng. If

the círcula:coxy characteristlcs of albuurLn-SOD renalned

unchanged over a perl-od of monÈhs, then l-t could be inf erred

thaE no antÍbodles dlrected agaÍnsÈ t,he conjugaÈe !ìIere

produced in vivo to accelerate the removal of conjugates.

Injections of conjugates given for therapeutlc indlcations

are likely to be less immunlzíng Èhan'Èhe regimen of

repeated intramuscular f-njecÈion with complete Freund's

adJuvant used ln the present study. However, should the

broad molecular Iüeight range of conjugaËes (Mlü 1.0 x l05

L7 x 1O') tesÈed l-n this study show signlffcant

lnmunogenicity after repeaÈed lntravenous adml-nistrationr lt

may prove useful to dl-seard conjugates at the lower end of

the range (eg. MüI I x I05 2.5 x I05) and retain conjugates

of hl-gher molecular weLght (eg. MI'f 2.5 x tO5-S x I05 )
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(alÈhough this would lnvolve some loss of reÈentlon in

plasma and other spaces). The lower molecular weighÈ

conjugaÈes contain less albumin (conjugates of I x t05

would contain one albunÍn and one SOD rnolecule) than high

molecular weÍght conJugates and accordLngly nfght be
f

expected to less effLciently rnask anÈfgenlc siÈes on

heterologous SOD molecules.

ForÈunately SOD ls a molecule with a hfgh degree of

sequence homology between specles (35) and relatlvely 1ow

lmmunoreactivJ-ty. Orgotein, a proteln product promoÈed for

antf-fnflammatory and other claLmed ÈheraPeutlc effects,

before its identity wiÈh CuZn bovine liver SOD vlas known,

has been given to hundreds of patients (114rI15'll6'117r118)

and has also been used in vetinerary Practice (esPecLally |n

horses). Although iÈ Ís dlfficult Èo accePÈ varl-ous

therapeutic claims as proven on Èhe basLs of published daÈa,

these studies at least indlcate that SOD is well tolerated

when repeatedly f.njected Lntravenously, inÈramuscularly and

1nÈo joints. Accordl-ng1y, blo-avallablity could be a more

fmportanÈ consideratl-on than l-mmunoreacÈÍviÈy, and SOD-SOD

conJugates could concelvably be as well tolerated as

SOD-albumin following repeated lnjectlons ln most subjects.

The development of conjugates of SOD wfth long plasma

half t,fmes and low immunogenicLty provLdes nerù posstbtlities
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for the study of inflammation and its treatment. Other

potential applications for these conjugates l-n biology and

medicine may be found in radlation oncology (175),

toxlcology (e.g. paraquat and oxygen toxicity) (176), and

surgery ( e.g . protectLon of autologous and allologous grafts

f rom reperf us l-on in j ury) ( l7 7 ,L 7 8 ) .

6.5 SUMMARY

Crosslinked polymers of CuZn SOD and albuml-n from

several mammalian sources have been prepared wlth (a) more

than 607" retentl-on of enzymatlvity, (b) stability on

storaget (c) delayed clearance of enzymatic actJ.vity from

plasma and pleural spaces , ( d) anti-inflammatory actl-on

(also found with cross-llnked albumirr and (e) low

immuno-reactivity.
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CTTAPTER 7

CORTISOL PALMIÎATE LIPOSOT,IES FOR SYSTEMIC TIIERAPY OF

INF LA}ÍMAT ION

7 .r INTRODUCT ION

Thts chapÈer descrlbes the PreparaÈion of cortlsol

palmLÈaÈe llposomes and documents theLr antl-LnflammaÈory

effects following systenic adrninistratÍon uslng tsto seParate

anlmal models of lnflammaÈ1on.

7.2 },IATERIALS AND METHODS

7 .2.1 l4aterÍals

DlpalmLtoyl chlorlde, DPPC, and hydrocortisone !'Íere

obtaLned from the Sfgna Chemical Co. (SÈ. Louls, Mo.).

Ilydrocortisone succlnaÈe was obtalned from 811 Ll11y'

Sydney, AustralLa. Cortlsol palmitate (CP) I{as obËained from

ICI PharmaceCutLeals Dfvision, Macclesfleld, Cheshire' U.K..
-t

'H-corÈisol palnLtate was prepared according to the nethod

of Shaw er a1 (131). 14a-.nolesteryl oleate hras obÈained

from New England Nuclear, BosÈon, Mass..

r
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7 .2.2 Pt eparatl-on of lf Posomes

Lf posomea nere prepared as f ollovls:- DPPC 9Ong and

cortfsol palnft,aÈe lO ng htere diesoLved in chloroform and

drLed Ln vacuo on a roÈary evaporatot. Thp resulting f1ln
Í

of f.ipld eras redissolved in chlorof orm benzene ( I : tO, 2 nls)

which lras ftozen in dry Lcel ethanol before lyophllLzaLion.

the free ze'drLed solld elas resuspended ln phosphaÈe

buffered saline O.l5 M, pH 7.4 and sonl-caÈed at 520C for 15

mlnutes usf ng a probe sonicator (3 75I^l Ce11 Dlsruptor ' Heat

Systems Ultrasonics Inc. , Plafnsvllle r N.Y. ) . Af,ter

sÈandtng aÈ 4OoC for 3O nlnutes to allo¡s the liposomes to

anneal, the resulting transluscent suspenslon was

centrifuged at 5OOg for lO mlnutes at room temPêrature Èo

remove any tltanlum particles shed by Èhe probe durlng

sonlcaÈfon. Liposome preParatfons for use in anlmal

experfmenÈs were Ëhen dialysed for 6O mlnutes. Sonlcated

suspensions of cortisol palmitate ln salLne were also

prepared vrithout usfng DPPC. These latter susPenslons were

not sÈab1e, wiÈh corttsol palmJ.taÈe formlng a precipfÈate

wi.thLn a few minutes inspiÈe of sonicatlon for uP Êo 60

mfnutes at 4OoC or room temPeraEuEe.

In studles designed Èo assesa (a) t'he

cortisol palmltate lncorporated lnto DPPC

amount, of

liposomee and (b)
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posslble leakage of cortl-sol palmltate from the liposomes,

llpo6omes were prepared with DPPC 9Omg, t"-cortlsol

palnlÈate Io ng (5o uCi) and l4C-"holesteryI oleate, lO ug

(50 uCi). The latter compound is highly ltpophilic and

insoluble Ln water and was used as a llposom-e conatltuenÈ
('

marker. AfÈer cenÈrLfugation to remove ÈfÈanLum particles,

the lLposomes $/ere applied dl-rectly to a Sephadex G5O eolumn

( Pharmacla, Flne Chemicals, Uppsala, Sweden) . Liposomes

elutlng l-n the void volume \üere pooled and etored at 4oC for

7 and 2L days and Èhen re-chromaÈographed on Sephadex G5O.

3tt rnd L4 c content of t,hese purif ied ltposomes !ìrere

determlned in a Beckman L5-230 liquid sclnÈlllation counter

after addlng lOO u1 aliquots of eluted liposome fractions Èo

2 ml of Bray's solutlon. (New England NuclearrBoston,

l"lass. ) .

7 .2.3 Carrageenan-l-nduced Darìr oedema 1n rats

Groups of 6-8 rats were !.njected intravenously wlth

liposome preparations (volume 0.3-0.5 nl) funmediately prior

Èo fnjectlng 0.1 ml carrageenan (L"/") 1n saline into the left

parù. Paw volume was determlned by the welght of útater

dlsplaced from a L2 x 75 mm test tube by immersfon of the

pavJ Èo Èhe anatomical haf r1Lne. Paw volumes rÁrere measured

before, and 4 hours after, fnjection of carrageenan. The

increases in par¡r volume over this four hour perlod were

calculated, and dlfferences between groups analysed usf-ng
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are presented graphlcallY as

volume lncrease, bY comParleon

receiving caxr-ageenan but

saline Ín 11eu of llPosomes.

/'
T

ln subcutaneous sPonges

ResulÈs

of paw

rat s

with

7 .2.4 Inf lammat,orv response

imp regnated with heat-ktl1ed l{. tuberculosls

Each exPerimental group contained 7 or 8 rats '
polyurerhane sponges (Dunlopi11o Ltd., Adelaide, Australta)

4O rng were washed twlce in distllled water and then lmmersed

Ln a 6uspenslon of heat-kf11ed M. Èuberculosls, 0.5 mg/n1 Ln

dlstilled r^raÈer prepared as f o1loI'Is: 8O ng of heat-killed,

lyophtllzed M. Èuberculosl-s (Stralns CrDT, PN mlxed,

Ministry of Agriculture, Fisheries and Food, Central

VeterLnary Laboratory, I{eybrldge, SurfeYr U.K.) was ground

to a paste with 0.5 ml dLstilled water usíng a pestle and

mortar then diluted to the final concentratlon, and

sonicated for 2 minutes using a 6O!ü llu11ard Èfssue sonicator

wlth L/4.. probe Èo otain an even suspension. These sponges

rüere Èhen drled overnighÈ aÈ 370C to consÈanÈ weight' Each

sponge conÈained approximately 1.5 mg dry M. Èuberculosis.

on day o, sponges were irnplanted through a dorsal uridll-ne

lnclslon, one into each flank of each rat and the wound

closed wLth staples. Animals $7ere then lnjected wlth test

preparaÈions or sallne vLa the saphenous vein on days

0,1 ,2,3 . on day 4 animals were sacrlflced, the sponges $rere
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removed and adherent Èlssue external to the sPongeg

carefully cut away. The sponges were then drled at 37oC for

3 days prlor to welghlng. For statlstLcal analysls, using

the unpaired t test, the average weLghÈ gain of the Èrùo

sponges from each anlmal l¡as Èaken (excePt.for those animals
/

contributfng sponges for ce11 density analysLs, in which

case only the wefght'"of'one dried sPonge weight \¡Ias used for

Èhls analysis). Percentage welght lnhlblÈion was compuÈed

by comparison wÍth t.he mean increase in sponge weight in

control rats, 1.e. fêceiving sallne raÈher than llposome

preparatfons.

One sponge from each of two anLmals in each treatment

group r¡ras lmmediaÈe1y f txed in f ormal-sa11ne r $tlthout Prior

excislon of adherent ÈLssue. These sPonges !üere later

embedded 1n paraffin wax, and 5 micron sectlons llere cut and

stalned wiÈh haematoxyltn and eosin. Three sectlons from

each sponge !ìIere examLned t.o quantify the denslty of

cellular lnf11Èrat,fon usíng a Transidyne 2955 scannLng

densLÈometer. Ce11 denslty data was expressed as the mean

of 2 averaged densLty scores, obtained afÈer examlnÍng

sponges from 2 animals in each group. The small numbers of

samples ln Ëhese histological studies precluded statlstLcal

analysl-s.
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1.3 RESULTS

7.3 . r Incorporation and retention of cortisol palnritate

into DPPC liposomes

Liposomal preparations appearlrrg 1n the void volume

contatned more ttran gg"Á of the 3n-.ortlsol palmitate and

L4"-cholester:yl oleate applied (Figure 7.I). Afr,er repear

chrornatography at 7 ar.d 2I days all the radloactivit-y

remalned ín the llposome (vold volurne) fractions, indtcating

no measurablc lcakage of cortisol under the conditio[rs of

storage. Attempts to

mg (5 o uCi) inro DppC

entrapment of cortlsol

were deemed unsuitable

incorporate unesterified 3l-.ortisol,
5

(9Orng) lfposomes resulted in very 1ow

(<ZZ"¡ " These Iarrer preparat-lons

f or l-n vl-vo s t-udl-es.

7.3.2 Antí-inflammatory effect aqainst carrageenan-

induced paw oedema

The results comparing the anti-lnframmatory effects of

equlvalent doses of cortisol given as ( r) cortisol palmitate

in DPPC liposomes, ( ii) corrisol succinate and ( iÍf)

cortisol palrnitate as aqueous suspensions, in rats wlth par^/

oèdéma are shor^/n in Flgur e 7 .2.
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Figure 7.L. ElutLon proflle followlng Sephadex 950

"tior.aography 
of lipoioroes conÈainlng DPPC (9Orng)' corÈiso1

palnrÈaË; (3tá, 5ouCi) and cholesteryl oleaÈe (10 uBr 5o

;õit: r4c:citãíesÈeryl oleat,e \,üas used as a llposome marker.
Ltposomes appear 1n ttre void volume:o-RePeat chromatography
after seven^and 2L days storage at 4"C gave ldentÍcal
;;.iL1es. 'H-corÈLsol paluriÈaÈe was also found Èo eluÈe
ãnrirely fn Èhe void volume (llposome) fracÈLons both before
and af ¡'er s Èorage . The arror¡I "ñown 

indicates the locaÈLon
of rhe vold volume peak obtained wLÈh blue dextran
( Pharroacf a) .
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7.2. InhlblÈion of caÊxageenan-lnduced Pa!t swelllng
lng intravenous fnJecÈfon of Èest' PreParet'ions
arã1y prior Èo injectlng carÊageenan (O.t ml) in-Èo the
ind p"r of raÈs. Paw volume vtas measured before and
ours afÈer tnjectlon. Results are expressed aa
tage lnhiblrlon of paw swelllng observed in control
n5ãcted intravenously wfth sallne. ExperlmenÈa1
comprfsed 6-8 rats.
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The ltposome-encaPsulated corÈiso1 palmltate

preparaÈions uere approximately 1O tLmes as Potent as

corÈisol succinaÈe, a water-soluble cor¿J.sol preparaÈion.

Stgntficant dffferences ln paIü swe111ng r7r" seen at

corÈLsol doses of 4 ng/kg (t=4.81, p(O.ooI, d.f. fI) and 4o

ng/kg (t=7.67, p(0.001, d.f. 13). In the absence of

phospholipid, cortisol palmitate formed an unÊtable

suspenslon exhlbitlng lttÈ1e anÈ1-lnflammaÈory activfty þ

vlvo ¡ presumably due to lts poor bioavallablllty ln this

type of preparaÈion.

7 .3.3 AnÈ1-lnflammatory effecÈ agafnst cellular

inf ll tra t Lon of subcuÈaneous sDonges l-¡npregnated

wJ.th heat-ki1led M,. tuberculosls

ResulÈs of studles of antl--tnflamnaÈory activfÈy using

Èhls model are shown in FJ-gure 7 ,3 . Bo th cortf sol palnltaÈe

Ln DPPC liposomes and cortisol succinate showed potent

anÈf-inflammatory actfvity followlng intravenous J-njecÈ1on,

shown by reduction of both the sPonge hretghÈ and the extent

of cellular infflÈration lnto the tmplanted sponge.

LJ.posome-encapsulated cortlsol palmltate, glven

intravenously $ras superfor to cortlsol succinaÈe glven by

Èhe same route, Ln suPPresslng the l-ncrease of sPonge

weight. Signif f cant df f f erences ln sPonge wetght l\rere seen
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when llposome- encaPsulated cortlsol palmlÈaÈe and corÈ1so1

Êucclnate \rere compared at doses of approxinately t mg/kg

cortlsol (t=2.0, p(0.95, d.f. t4), 5 ng/kg (È=3 '38¡

p(0.0025 , d.f. 15 ) and lo ng/kg (t=2.6, p(0. O25 , d.f. 14) .

The amount of cortLsol r glven as cortlsol

actually !.25 tfmes Èhe amount gLven aÊt

lipoaome-encapsulaÈed cortlsol (as palniÈaÈe). The

liposome-encapsulated corÈiso1 palmltaEe and cortisol

succÍnate preParatlons Iúere approximately equipotent

inhtbltlng eellular mLgraÈion 1nÈo the sponges (Table

s.

r'
ucclnaÈe waa

Ln

7.1).

DPPC vesicles without cortLsol palnLtate showed no

anÈL-inflammatory effect at all aÈ ltpld concentratLons used

in these experlme,nËs. FurÈhermore, they provided no

addlÈLonal antl-tnflammatory effect when given wLth

anÈ1-lnflammatory doses of the lrater-eolub1e cortlsol

succlnate J.n elther model of lnf lamrnat'lon.
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Inhibltion of welght gafn of sponge inplafits
wing 1nÈravenous adntnlstration of test
;; ã"ys o, I ' 2 and 3 ' HeaÈ kllltg L-
treated sPonges lùere lmplanÈed on day O'

6acriftced and sPonges rernoved on day 4 '
xpressed as percàntãge inhibitton of weight
;; observed 1n control raÈs f'njecÈed
with saline. Experlmental grouPs comPrl-sed 7
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ÎABLE 7,L

Effect of cortlsol esters
nto m a nÈed

on cellular
o es ln rats

tnf t1 traÊ lon

(

TesÈ
pre para È lons b ca Cortfsol

mg/ke

o

I
5

to

Cell densl.ty

100

9r
55
49

83
53
45

of mean values
raÈ6.

S a 1l-ne

CorÈisol palmfÈaÈe
( liposome encaPsulated)

CorÈ1so1 guecfnate

Èes t
and 3

8ao
4
I

a

b

preparatlons fnJected intravenously on days 0, lr 2

. RaÈs ËacrLffced on daY 4.

of cortisol given as Èest

c

values refer to daflY dose
preparatfons.

ce11 densitfes expressed as percenÈage
obtaLned for sallne !.njecÈed (conÈrol)
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7.4 DISCUSSION

Ltposomes conÈatnlng corÈiso1 palniÈaÈe and DPPC

provided a greaÈer antf-inflammatory effect when compared
I'

wLth equivalent doses of the waÈer-soluble cortisol

succinate, in Èwo models of inflammaÈion. The flrgt modelt

carrageenan-induced Paw lnflarnmatlonr meåsures oedeua

formlng ln the fJ-rsÈ few hours followLng an irritant

sÈimulus ( 133 ) . The second model lnvolvtng I'mplantatl-on of

polyurethane sponges lmpregnated with heat killed M.

tuberculosÍs, and sÈudled over a 4 ð'ay Èreatment Perlodt

provldes a model of continuing severe acuÈe lnflanmation'

It ls characterised by a predoninance of neutrophil

polymorphonuclear cells and early tnfilÈraÈion of

mononuclear cells togeÈher wfth collagen formatlon wlthLn

the sponges at the tLme of sacríflce (134). Thls model

allows quantLÈatLon of both cellular lnftlÈraÈion and

fncrease Ln sponge wefghÈ (contributed by oedema fluld and

cellular lnf11ÈraÈe). Llposomal cortfsol palmitate lùas

slgnifJ.cantly more effecÈlve 1n supPresslng the lncrease in

sponge wetghÈ and equiPotenÈ ln supPressLng cellular

tnf tltraÈf.on, when compared I,rlth cortlsol succlnate.

Appropriate conÈro1 experlmenÈs fa11ed to show any fnfluence

of llposomes, prepared without cortlsol succlnate or

cortisol palmiÈate, on Èhe inflammaÈory resPonse ln the
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presence or ab6ence of cortl8ol succJ.naÈe in either

inflammaÈory model. The enhanced affecÈs seen wfÈh llposome

encapsulatfon of corÊLso1 palnltate in DPPC thus could not

be attrLbuÈed to any LnÈrLnsLc anÈL-fnflammatory effecÈs of

the DPPC lfposomes alone. Slmflarly, enhangement of(
inflammaÈory effect of cortisol by esterifLcaÈion wJ.th

palnltate was excluded 1n experiments using sonlcated

suspensions of cortisol pa1-nitate Ín sa1Íne 1n the

caËrageenan-induced Pavt oedema mode1. These unstable

suspensLons which are dtfflcult to injecÈ Iùere noÈ tested in

the sponge LmplanÈ mode1.

These studfes lndlcate an enhanced anti-inflammatory

effect of corÈtso1 following esterificatlon wiÈh palmJ.Èate

and lncorporatfon within DPPC-based llposoIDê8. The degree

of enhancement could be of Practfcal Èherapeutlc value 1n

Bome c1lnlcal sltuatlons, 1f unaccompanied by an enhancenenÈ

of unwanÈed effects.
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7.5 SUMMARY

Liposomea cont,aLnfng cortLsol palnLtate ehowed greater

antl-lnf[anmaËory aetivLty than water eoluble cortLeol

succlnete, followlng fntravenr ue lnJectlon lnÈo raÈ8, aE

êsse88ed by lnhfbLtlon of (a) earrageenan-lnduced Paw

ewel-|-lng, and (b) lnflammatory resPonses fn subcutaneous

6ponge lnplanÈs Lrnpregnated with heat-k111ed lf .

Èuberculoafa.
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CIIAPTER B

AND DIREClIONS FOR FURTIIER STUDIES

The major conÈributions of thJ-s Èhesls

dlscussed below with comnents regardl-ng

directions for future sÈudies.

are outllned and
(

later studles and

8.1 PRODUCTION OF OXY RADICALS VIITHIN INFLAMED JOINTS

The capacity of synovial fluid leucocyÈes for

generatlon of an oxidaÈlve bursÈ was established by

measuring the chemlluml-nescent resPonses of these cel1s to

stimulation by serum opsonised zyrl,osan ln viÈro. Observed

higher basal cheml-lumLnescence of synovlal fluid PMN

leucocytes compared to ÈheÍr matched perÍpheral blood

counterparÈs suggested a degree of fn vÍvo actLvat'ion of

celIs sanpled from lnflamed joints. These studles add

relevance to consideratfons of oxy radicals as potential

medlaÈors of Èlssue damage and as Posslble rnodiflèrs of ce11

meÈabolism in lnflamed joÍnts. Ìlore direct evidence for

oxy radlcal producÈion wfÈhLn Lnflamed joints awaits the

identfflcaÈLon of stable conversion products sPeciflcally

attributable Èo Èhe effects of oxy radicals on an endogenous

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

Earll-er suggesÈions Èhat iron Ís importanË as a

catalyst for hydroxyl radfcal production ín the presence of

a superoxide flux hrere confirmed and extended Èo show the
r'lmportance of state of Lron chelation for caÈalytic

actd.v{.ty. The observed dose dependent lnhlbitlon of

hydroxyl radl-cal production at t-he relatfvely htgh

concenÈrations of chelators studied (f mM and greater) 1ed

to further studies examfning effecÈs of lower concentrations

of chelators in the same experlmental sysÈems. A biphasic

effect on hydroxyl radical production 1n the presence of a

superoxide flux and caÈalytic amounts of lron has been

observed 1n these studles (tlg) with concentratlons of

certafn chelators (EDTA, DETAPAC, penlcillanlne) enhanclng

hydroxyl radlcal production at concenÈraÈions uP to

approxlmately 1url"I w1Çh dose dependenÈ lnhibltlon agaln beLng

observed at higher concentratÍons.

8.3 AUTOXIDATION OF IRON AND REDUCING AGENTS

Observed enhancement of hydroxyl radlcal producÈion at

some concentraÈLons of penicl.llanlne in the iron

autoxldarion system çt"2+ /EDTA) drew attention Èo a

superoxide lndependenÈ mechanisrn for lron caÈalysed hydroxyl

radfca1 producÈion. This mechanLsm involves reductLon of
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3+Fe by thiol agents wlth thlols thus driving the cyclLc

oxidaËion and reduction of suitably chelated iron and

assocl-ated hydroxyl radLcal production. The endogenous

Èhiol, glutathlone r wês one of several agents shown to be

active in thís sysÈem. Uslng hyaluronar" ¿epolymerisation
(viscometry) as detector system, hydroxyl radLcal production

v/aa correlated wlth extent of thiol oxidaÈion (179). Thus

the following sequence of reactions can be postulated:

Thfs or a sl-milar mechanism may have relevance at

.lnflammatory sites, êog. rheumatoid joints where increased

lron deposiÈs may provide ample iron (57 158r155) to support

such a reacÈion in Èhe presence of endogenous bioreducÈants

(g1utat,hlone, ascorblc acid) (59).

8.4 GENTISATE AND RELATED SUBSTANCES AS ACTIVE

METABOLITE S

GenÈisate !Ías demonstrated 1n synovlal fluid at

concentrations (rangíng from 2 to 24 u!1), at whlch gentlsate

causes inhlbLtl-on of chemiluminescence (anplifted by

luminol) assocLat,ed $rLth an enzymatically

(xanthine/hypoxanthine) generated superoxide flux, IDZO 2.7

uM, IDTO 3 .7 uM ( 7a¡ . ( ID2O and IDZO refer to

concenÈratfons causing zoi¿ and 707. inhtbitlon of

chemiluminecence respectively). GenÈisaÈe Í/as also found
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to have simllar potency as an lnhtbitor of oxy radlcal

associated cheurilumlnescence in the presence of several oxy

radical generaÈors and another lumigenic probe

(luclnigenin). These studies, whlch lnclude examinatlon of

several isomers and sÈructural analogues of gentlsaÈe have
/

shown ÈhaÈ chemiluminesence-inhfblting acÈivLty in these

€'ystems. correlates with a structural conflguratLon allowing

oxidation to a qulnone (see ftgure 8.1). For example, a

potent inhibLtory activiÈy slmilar to thaÈ of gentisate üras

observed with 213 dihydroxybenzoare (boÈh produced by

hydroxyl radLcal attack on salicylate in vltro). GenÈisate

has hydroxyl groups in a re- conf iguration and can be

oxldised to a Para-quinone. 213 dthydroxyberLzoaLe (wfth

hydroxyl groups in th. 1]4þ- conf lguration) may be oxidlzed.

Ëo an OrËho-qulnone. The ability of t'hese dÍphenols to

readily yfeld to hydrogen abstraction to form stable radfcal

fntermedlaÈes (hydroquinones) may account for their activity

1n the oxy radical-l chemiluminesence systems. SallcylaÈet

other monohydroxybenzoates, and dihydroxybenzoates wlth

hydroxyl groups in a Meta- configuraÈíon (whieh cannot be

oxidised to quinones) have relatively weak activity in these

systems ( ICZO ) 200 ul"t) .

Studies of amlnosalicylates and amlnophenols

demonsÈrate analagous sÈructure functLon relationshlps wiÈh

5-amlnosalicylaÈe and 4-amLnophenol (both of whleh have an
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amlno group Para- to an hydroxyl group) havlng ID20 of 0'1

uM or less. By conÊrast, 4-aminosalicylaÈe (arnino grouP

Meta- to hydroxyl group) was f ound to have an IDZO > I ml"l'

Para- and .@.- arninophenols, like dl.phenols 1n this

conflguraËion yteld Èo Proton abstractlon to form relaÈlvely
/

sÈable hydroqufnone radical intermediates. These latter

studies achLeve relevence because 5-amlnosalicylate and

sulphasaLazlne, of whJ.ch 5-amlnosalLcylate ls a prime

metabolite, have been shown to have anÈ1-inflammatory

acÈf.vity against lnflammatory bowel dl-sease and, in the

scase of sulphasalazi-ne, rheumatoid arthritls.

studies using a varleÈy of detector systems to monl-tor

hydroxyl radical product,ion (depolymerisation of hyaluronic

ac1d, hydroxylation of salicylate, t-14C decarboxylation of

radLolabelled benzoate or formate) have falled to

discrinlnate beÈween Èhe activitles of ( a) ortho- or E-

diphenols/amínophenols and (b) monophenols, and

diphenols/amlnophenols with a MeÈa- configuratl-on. Thus the

poEency of agents such as gentisate and 5-amLnosallcylaÈe as

tnhiblÈors of chemllumlnescence is noÈ sinply related to

ÈheLx effects as hydroxyl- radlcal scavengers' The

funportance of Èhese effects fn relation to the

antl-inflammatory effects of salicylate and 5'amino

salicylate/ sulphasalazLne remain to be establlshed.

Certainly these quinone-formíng agents could concelvably'
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through thetr acÈlona as Proton donors exert fnportant

effecÈs on some meÈabolic evenÈ8 aÈ inflammatory siÈes.

GentlsaÈe has litt1e Lf any anti-inflammatory effect when

glven orally, posslbly because lts chemlcal lnsÈability

and/or 6uscepttbtllÈy to bacÈertal chlorinases 1n Èhe guÈ
r

mfLtÈaÈe agalnst effecÈive absorption. FurÈher studies,

using Èhe ItPLc method descrlbed, designed to document the

eharacteristics of absorPtton/non-absorpÈion of gentlsate

following oral adrnlnJ.sÈratJ.on may help to evaluate the

conjecture Èhat genÈÍsate rnay be an acÈlve metabollte of

salicylaÈe. Also further studies are requlred to explore

more dtrectly possible antl-lnflammaËory effecÈs of

gentisate, !.neluding attemPts to correlaÈe

sÈËucÈure-functlon relaÈl-onships wLth antL-fnflammaÈory

actfvity of gentfsaÈe and 1Ès analogues, followlng local

lnJection inÈo exPerimentally induced infLammatory leslons

1n animals.
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8.5 SOD CONJUGATES

SÈudies described lndicate an antt-lnflanmatory effecÈ

of SOD conjugaÈes whlch cannot be attrlbuted entLrely Èo

Èheir enzymaÈLc actlvity because albumln-a1þunl-n conJugates
(

f ormed by Èhe 6ame crosslinklng meÈhod l'rere also

anËi-lnf1ammrory. The anti-lnflammatory effects of

albumin-albumf-n were not shared by unconjugated homologous

serum albumln. Subsequent experLments have been undertaken

Èo Èest whether any of the reagents used ln the crossllnking

procedure react with albumin to form an anÈ1-inflammaÈory

derivative. These sÈudles have not identLfled Èhe reagenÈ

or sÈep in Èhe reacÈion seguence reponslble for thls effect.

In addf tl-on, reactlon of glutaldehyde and glycl-ne (wh1ch rnay

reeult in glutaldehyde-glycine polyners) also falls to

generate an antl-lnflammatory agent. It fs Posslble that

the macromolecular configuraÈion of crosslinked albumln

lmparts a pro-lnflammatory effecÈ by triggering lnflanntory

cells/cascades withln the lntra-vascular compartmenÈ and

thereby deÈracÈLng frorn the lnflammatory response lnduced

and measured aE the lndex 81Êe (i.e. pâ\ü oedema). A s1m1lar

effect would result ff the conjugatea were conÈaminated by

endogenous pyrogen. Howeverr ûâtive albumfn subject to

similar procedures includlng lncubaÈj.on wlÈh gluraldehyde

(for fntervals insufflcienÈ Èo cause extensLve crosslinking)

and glycf.ne followed by chromatograPhy does noÈ show
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antl-lnflammaÈory effect. In the studLes described the

anti-tnflammatory effects of alburnin-albumln ltere con6istent

and reproducable. Prevfous studles undertaken

centre did not shor¿ an anti-tnflammaÈory effect

albunln-albumin conjugates (173) b": Iüere less

the studLes descrlbed in thís Èhesis.

aÈ another

wLth

detalled than

Becau'se albumln-albumin conJugates Possess

antl-lnflammatory actl-vity it 1s desirable that the effects

of SOD conjugates be examlned using systems in which

alterations ln tissue structure or functlon may be more

dfrectly att,ributable to superoxlde fons or Èheir

derlvaÈives (rather than a nonspecific tÍssue irrltant ltke

carrageenan), in the expecÈation thaÈ Èhese systems may more

clearly dlfferentfate beÈween Èhe effects of S0D conJugaÈeB

and conjugates containing albumLn alone. For thls PurPose

tÈ 1s proposed to explore the Possible protective effects of

1oca11y applled and lntravenously injecÊed S0D conjugaÈes

(and natlve S0D, albumln-albumin and natLve albumin for

comparfson) againsÈ oxy radical-índuced damage to hamster

cheek pouch vascular endothellum (noniÈored by

microscopfcally evident leakage of fluorescent dye from

blood vessels wlÈhfn the pouch) (180). Del Maestro has

shown that 1n lncreased vascular permeabillty lnduced by

XO/HX can be inhlbLted by local aPplication of S0D, catalase

and hydroxyl radicals scavengers (suggestlng medlatlon
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through 6uperoxlde-driven hydroxyl radl-ca1 productlon)

( IB0). The proposed studles would assess wheÈher soD

conjugates wLthin the vascular comPartment could protect

against endothelLal damage / dysfunction resultlng from the

exËra-vascular superoxlde flux, as well as seeking to
/

conflrm the Protective effeeÈ of 1oca11y applled

(extra-vascular) SOD (in naÈive and conJugated forms) '

McCord and co-\ùorkers have suggested that rePerfusion

Lnjury 1s mediaÈed by superoxlde Lons gene.rated by xanÈhine

dehydrogenase whLch has been denatured in Íschaemic ÈLssues

and has Èhus acquLred xanthine oxidase acÈlvity (l7B).

Experlments are planned to assess the actLvLty of SOD

conJugates as proÈecÈanÈs against necrosls in ischaernlc

regf.ons of pedtcle skfn flaps. These studies wtll uÈilLze

an esËablished model in plgs wfth whlch 1t has been shown

Èhat agents injecÈed durÍng the operative perlod become

enrrapped wlthin the fschaemic zoîe of the flap (t8r). Thus

soD conjugaÈes glven at oPeratLon should be retalned wfthln

the flap long afÈer soD activiÈy has been cl-eared from

plasma. SOD conjugates may Èhereby exert a ProÈective

effecÈ against necrosls slnce superoxlde generaÈ1on rnay be

!.mportant ln determining the extent of tissue necrosls (e'8

through xanthlne oxldase acÈion f-n areas of the flap subject

to lschenia Èhen reperfuston). Thls model will also offer

the opporËuniÈy to as6ess the relative acÈfvl-Èies of oÈher
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putatlve proÈecÈants agaJ-nst reperf usion l-njury ¡ ê.$.

allopurlno1.

8.6 DRUG DELIVERY SY STEMS

r
The demonstraÈion of enhanced anÈ1-lnflarnmaÈory effect

of cortLsol following esterificaÈlon and lncorporaÈJ-on 1n

liposomes demonstraÈes an approach of potenÈf-al value for

sysËemic treatmenÈ of severe Lnflammatory disorders. The

currenÈ pracÈice of admlnfsÈerlng intravenously large

trbolustf doses of cortlcosterolds to patients wlth severe

uncontrolled inflammaÈory dl-sorders (e.g. systemfc lupus,

rheurnatoid vasculitts) suggests a place Ln r¡hfch a Èriel of

l-nterml.tÈent intravenou6 tnjectlon of cortlsol liposomes

could be underÈaken.

Before proceding to a cllntca1 aPPll-catLon further

anLnal studfes are requLred Èo ensure Èhat the enhancement

of potency of anti-LnflammaÈory effect of cortfsol in

lLposomes 1s not accompanled by a parallel enhancemenÈ of

unwanted effects. In ParÈlcular, dose resPonse

relationshlps for effects at eites other than t'he

inflammaLory focus (e.g. Èhymic l-nvolution) need to be

established. Correlatlons should be sought between

observed effects (tncludlng antl-inflammatory effects) and

pharmacokinetLc studies. (Plasma clearance and tl-ssue
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3disÈributlon studles lrere attemPted uslng Il-corÈlsol

palnlÈaÈe llposomes but Èhe spectfic actlvfÈy of Èhe

radio-1abe11ed preþaratlon was noÈ sufflclent to provlde

meanJ.ngf ul daÈa) . A f urther experi¡nenÈal approach J-nvolves

assessment of relat,fve potencles of free gortl-so1 (and otherr
anÈi-tnflammatory cortlcosteroids) and ltposomal cortfsol

upon the hyPothalanfc- pitultary adrenal axis after acute

and chronic dosing. For these sÈudles Èo be undertaken ln

raEs an assay for cortLcosÈerone l-s requlred since thLs l-s

Èhe domlnant glucocorÈlcoLd in Èhe raÈ.

Converslon of a pro-drug Èo an acÈfve form at sftes of

lnflammaÈfon could provide an effecÈive drug targetting

system 1n whlch unwanted effects of an agent (at oÈher

sltes) could be mlnLmised. In order Èo achieve ÈhLs

localfsed converslon tt may be necessary Èo enploy a

metabollc process unlque, or aÈ least largely confined, Èo

Èhe lnflamed sfte. Oxy radLcals produced by the surface

nembrane oxidases of activaÈed leucocytes could provJ.de such

a mechanlsm. Ilowever oxy radfcal production ls not

resÈrlcted Èo Èhese oxidases but also results from activl-ty

of ubLquttoua microsonal enzymes, includLng Èhe cytochrome

P4SO oxidase/reducÈase sysÈem and cyclo-oxygêltâse8' Thus

oxldative conversion of pro-drugs by oxy radicals may not be

resÈricted to tnflammaÈory sltes sufficienÈ1y to acheLve

desl-red locallsaÈion of drug converslon. Although evldence
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for converslon of sallcylate ¿o genÈlsate fn lnflamed jolnÈs

vras not obtained, rapLd equl-libraÈion of these compounds

beÈween synovlal fluid and plasma may have masked this

evenÈ. IÈ thus remafns posslble that salicylate may be

converted by oxy radJ.cals wlthLn lnflamed j.otnts Èo
I

genÈisare and (posstbly 213 dlhydroxybenzolc acld). These

diphenol derlvatives of salicylaÈe may be far more actl-ve

(e.g. as hydrogen donors) than sall-cylate ln some metabolic

systema. If these derLvatives have imporÈant metaboll-c

effects Èhen salicylaÈe may be seen as an oxy

radical-converÈLb1e pro-drug for gentl-sate/ 2 13

dihydroxybenzoaÈe. Further studies are requlred to examine

the effects of gentlsate/ 2 t3 dlhydroxybenzoaÈe uPon

metabolic pathways (e.g. electron transport systems) where

increased actlvity relaÈl-ve Èo salicylate might be €iê€rl .

Also further studies are requlred Èo seek enzymatic systems

whlch nay accounË for metabolic conversion of salfcylate to

gentlsate by mechanlsms oÈher than PuÈat,ive oxy radlcal

atÈack.
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