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Abstract Bovine superoxide dismutase (SOD: 0.5-2.0 mg/kg) administered intravenously to rats, com- 
pletelq suppressed the prostaglandin phase swelling (2-4 hr) of carrageenan foot-oedema, but had no 
effect on the histamine and serotonin phase (i&l+ hrs.). Heat-Inactivated SOD. bovine serum albumin 
and catalase and high doses of the hydroxyl radical scavengers. sodium benzoate and o-mannitol 
or the oxygen scavenger. 13diphenylisobenzofuran had no effect on the swelling. Mepylamine plus 
meth?sergide did not infuence the inhibitor) action of SOD. Carrageenan foot-oedema of agranulocyte 
rats, Induced by methotrexate inJections. was more susceptible than that of normal rats to SOD inhibi- 
tion. Even at I hr. about 70 per cent inhibition of swelling was observed suggesting the importance 
of macrophages in this inflammation model. Indomethacin and oxyphenbutazone were also examined 
for comparison with the effect of SOD. The role of ruperovldc anions in inflammation is discussed 
m connection uith macrophagc cmlgration, releaaea of lysosomal enzymes and proataglandin biosyn- 
thesis. 

It has been reported [I, 2.31 that granulocytes pro- 
duce superoxide anions (,O;) to destroy invasive bac- 
teria. Gemsa et trl. [4] reported endotoxin-stimulated 
heme oxygenase activity in rat macrophages, The pro- 
duction of superoxide anions in macrophages col- 
lected from intraperitoneal exudates of paraffin oil- 
injected guinea pigs has also been demonstrated [S]. 
McCord [6] protected bovine synovial fluid degrada- 
tion by superoxide dismutase (SOD: E.C. 1.15.1.1.) 
or by catalase and Repine et d. 173 observed an aug- 
mentation of oxygen consumption, hexose monophos- 
phate shunt activity and reduction of nitroblue tetra- 
zolium in human neutrophils by addition of phorbol 
myristate which is an effective component of croten 
oil. a typical inflammation-inducing agent. These bio- 
chemical changes suggest the enhanced production of 
superoxide anions. 

On the other hand, the role of prostaglandins (PCs) 
in inflammation is well discussed and the inhibition 
of prostaglandin synthetase has been proposed as a 
good irl tlirro screening method for non-steroidal anti- 
inflammatory drug. PGs production from incubated 
polymorphonuclear (PMN) leucocytes is reported by 
Glatt (‘t (11. [8] and the level of prostaglandin E in 
carrageenan (= carrageenin) granuloma is reported to 
parallel the development of inflammation [9], Willis 
~zt ul. [IO] detected PGs in carrageenan foot-oedema. 

The oxidation of arachidonic acid to PGs requires 
superoxide anions [ 1 I]. Panganamala rr al. [ 12. 131 
reported that the active radical in PGs syntheses is 
not superoxide but a hydroxyl-like radical derived 
from superoxide anions. Toxic free radicals produced 
from superoxide anion, are hydroxyl radical (. OH), 
singlet oxygen (‘0,) and malondialdehyde [3, 14, 151. 
The H,O,-myeloperoxidase-halide system is also in- 
volved in the production of these radicals. 

Our investigations have focused therefore on the 
role of superoxide anions in carrageenan-induced 

foot-oedema. Direct administration of SOD into the 
inflamed foot failed to have any anti-inflammatory 
effect, because SOD. like many anti-inflammatory 
agents. also possesses irritant properties. Carrageenan 
is known by electromicroscopic observation to be 
engulfed into macrophages [16]. Di I$osa et ul. 
[17,18] insisted on the importance of macrophages 
in carrageenan foot-oedema. but Blackham et al. [ 191 
claimed that leucocyte emigration is essential to car- 
rageenan oedema. Vinegar et al. [20] distinguished 
two phases in the swelling of carrageenan foot- 
oedema. The first phase (1,12-l 112 hr) is maintained 
by the release of histamine and serotonin and the 
second phase (2-6 hr) by prostaglandins. The Kinins 
phase (I l/2-2 l/2) is minor and overlaps the two 
other phases. 

This report concerns the effects of SOD. radical 
scavengers and anti-inflammatory drugs on rat carra- 
geenan foot-oedema. 

MATERIALS AND METHODS 

Aninds. Male SpragueeDawley rats, SLC-strain 
(190-220 g), were obtained from Sizuoka Agr. Coop. 
Assoc. for Lab. Animal. 

Assay. Carrageenan (0.1 ml in saline), 1.5% (except 
Fig. 1). was injected into the plantar surface of the 
hind paw. The control group received saline only. The 
thickness of the foot was measured in mm with a 
capiller compass always by the same person and 
represented the degree of swelling. The foot was cut 
off for weighing 4 hr after carrageenan injection. 
Drugs (0.5 ml) were injected intravenouly (i.v.) in gen- 
eral. The group given one injection always received 
the drug 30 min before carrageenan, the group given 
two injections received the drug 30 min before and 
2 hr after carrageenan and the three-dose group was 
also injected at 3 hr. 
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CI~LYIII’~/.\. Bovine supcroxidc dismutase (Iqophi- 
IiLcd powder) was purchased from Sigma Chcm. Co.. 
Catalasc I (50.000 U,‘mg, beef liver. crystal suspension 
in thymol saturated water) was the product of Bochr- 
ingcr Co. Sigma bovine blood cat&se (3,000 U.‘mg. 
lyophilircd powjder) was used for comparison. SOD 
was inactivated by boiling the cnqmc solution 
(XOOrcg;ml) at pH 7.0 and 100 for 3) min. Mcp!la- 
mine (Pylilamine) hydrochloride (K Br K Lab.). mcth- 
Jsergidc himaleate (Sandor Co.) and mcthotrexate 
(Lcderle Co.) were used as saline solutions. 
l.3-Diphen)lisohenrofuran (=~,~-dil~hcn\il-3.4-hcn/o- 
furan. Aldr& Chem. Co.) were injcctcd as a hom- 
ogcnous suspension in ?“,, ,Y.IZ”-dimcth~lfor~~~~~~idc 
(DMF) at pH 7.0. All other chemicals wcrc analytical 
grade preparations obtained from the LISLMI commcr- 
cial sources. 

C&IAL/~~OII.Y The pcrccntage inhibition of suclling 
OI- of foot weight. has calculated by the following 
formula: 

Inhibltlon I”,,) = 

r , Value of drug _ , Value of drug i 1 

When DMF was used as solvent. control values wcrc 
obtained with a DMF-injected group. 

RESl L’I-S 

Ctrr~~qc~c~~~trr~ ~o~l~c’rtf,‘cc~ic~/~. To test the irritant 
capacity of the carragcenan. four different conccn- 
trations wcrc examined (Fig. I ). A concentration of 
I .5”,) ~1s chosen for the cxperimcnt. because high 
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I~hihitim 1~~3 rr~tr~gctr~~~,tc~ iorl. Mangancsc chloride IS 

known as a supcroxide radical scavenger [‘I]. The 
production of superoxide radicals by guinea pig mac- 
rophages was reduced 50 per cent by 4 x IO-(’ M 
~mnganese ions [5]. The effect of 20 mg:‘kg man- 
ganase chloride was xlmilar to that of I mg,‘kg SOD 
111 reducing the swelling of the prostaglandin phase 
(Fig. 4). 

Fig. I. Foot welling induced by diffcrcnt concentrations l$fikrc of CL~~LI/~IS~~ a/tr/ rutlicct/ .xu~~~wqcvx Hydrogen 

of carrageenan (0.1 ml) at arrow c‘. IO”,, (A): l.S’,, (0): pcroxidc produced by superoxide anions could in- 
I O”,, (0) and 0.75”,, (A). Vertical liner rcprcsent the stan- flucnce foot swelling. but high concentration of liver 

dard errors (S.E.M.) of tht: mean 01‘ 6 IO cxperimcnts. catalasc had no effect (Fig. 5). Blood catalasc ca~~seci 

8- 

6- 

E C 

E 
% 
8 

4- 

T 

SOD - Dose 

I I I 

t v t 4 

DI ; 62 

Tome, hr 

Fig. 2. Flfcct of two Injcctlonr of supcroxidc dismutase 

(SOD) at DI and D2 on carragecnan (l.Y’,, wlutlon at 
C) induced Ibot-swcllmg. Saline injcctcd control (0): SOD 
(I.5 mg,‘kg (B): I m&kg (A): 7 mg!kg (0): hea-inactivated 
SOD I mg/kg (A) and haline without carragrenan (0) Vcr- 

tical lines represent S.E.M. of the mean of at least 3 cwper- 

imcnts (oxact number is in Tables I 3). 

concentrations possibly demand a higher drug dose 
than is rcallq required and at concentrations of 1 .O 
or 0.75”,, the swelling began to decrease at 4 hi-. Con- 
trol values with IY,, carragccnan solution were esti- 
mated in each experiment. 

Inhihitiorl by str/~~r~,\itl~~ t/i.s~~luttr,sc~. A lincar dose 
inhibition relationship at 4 hr was obtained between 
0.5 and ?.Omg/kg SOD with two administrations 
(Fig. 2). Swelling of the first phase (I? 1 I? hr) which 
is sustained by histamine and serotonin was not in- 
Hucnccd by SOD and this enzyme was found to in- 
hibit onI4 the prostaglandin phase (7 4 hr). Heat-inac- 
tivated SOD, like hovinc serum albumin. did not in- 
hibit significantly the foot swelling (Fig. Z!. Table I ). 
The inhibitory efi’cct of ? mg;kg SOD MYIS reduced 
when the second injection was omitted and three in- 
jections suppressed completely the swelling of the 
prostaglandin phase (Fig. 3). SOD seemed to be inac- 
tivatcd in the blood stream or absorbed rapidly bq 
tissues so that repeated administration was neccssarq 
for maximum inhibition of swelling. Intravenous 
administration of SOD had no effect on ;I normal 
foot. 
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Table I. Suppression of carrageenan foot-oedema by superoxide dismutase at 4 hours 

Swelling Wt increased 
mg/kg Injection No. of 

Drug i.v. time* exp. Mean +S.E.M. Inhibition Mean +S.E.M. Inhibition 

(mm) (“L) (9) (00) 

Control 2 4 3.7 f 0.1 (0) 0.80 f 0.03 (01 
SOD 0.5 2 4 3.4 * 0.2 8 0.63 f O.O’t 21 
SOD 1 .o 2 4 2.6 + 0.3t 29 0.40 & 0.07t 50 
SOD 2.0 2 4 2.1 f 0.2g 43 0.37 * 0.02: 54 
Inactivated 
SOD 2.0 2 4 3.5 f 0.1t 5 0.67 f 0.01t 16 

Control 2 10 3.2 k 0.1 (0) 0.93 _t 0.05 (0) 
SOD 1.0 2 4 2.5 + 0.2: 22 0.47 * 0.07: 49 
SOD 2.0 1s 4 2.3 * 0. I : 28 0.27 k 0.05: 71 
SOD 2.0 2 4 1.9 * 0.3: 41 0.26 + 0.02: 77 
SOD 2.0 38 4 1.4 * 0.1: 56 0.18 * 0.01: 81 
Inactivated 

SOD 1.0 2 6 3.0 + 0.1 6 0.83 + 0.05 II 

Control 3 10 3.2 f 0.1 (0) 0.70 f 0.12 (0) 
SOD 1.0 3 4 1.3 + 0.1: 59 0.10 * 0.04: 86 
(Mp + MS) only* 3 6 3.0 f 0.1 6 0.67 k 0.07 4 
(Mp + MS) + SOD 1.0 3 4 1.9 * 0.1: 41 0.34 * 0.07: 51 
MTX only* 3 8 2.9 * 0.1 9 0.74 i 0.06 -6 
MTX + SOD 1.0 3 6 1.3 * 0.3: 59 0.20 + 0.04: 71 

* For the time of injection and other conditions, see Materials and Methods. Mp (mepyramine,HCl. IOmg/kg) and 
MS (methysergidebimaleate, 4 mg/kg) were mixed with SOD solution in every injection. MTX (methotrexate. 2.5 mg/kg/ 
day. i.p.) was given for 3 days. The last injection was 1 hr before carrageenan injection. 

t Significantly different from the control at 0.001 < P < 0.05 by Students t-test. 
2 Significantly different from controls (P < 0.001). 
4 One or three injections of saline solution had the same effect on swelling as the two injection group. 

some reduction of swelling after 2 hr. This difference 
may be due to the different sources of the catalase 
preparations as Halliwell et al. [22] demonstrated in 
in vitro assay. Blood catalase seems to contain SOD. 
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Fig. 3. Effect of injection times of SOD (2 mg/kg). Two 
saline injections. control (0); one injection of SOD at DI 
(A); two injections of SOD at DI and D2 (0); three injec- 
tions of SOD at Dl. D2 and D3 (A) and two injections 
of SOD at Dl and D2 without carrageenan (0). Other 
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Fig. 4. Effect of manganese chloride. Two saline injections, 
control (0); two injections of MnClz IO mg/kg (A); two 
injections of 20mg/kg (A); three injections of 20 mg/kg 
(0): and two injections of 20mg/kg without carrageenan 

indications as in Fig. I and Fig. 2. (0). Other indications as in Fig. I and Fig. 2. 

Hydroxyl radical (.OH) generated from superoxide 
radical and hydroxygen peroxide, may be a directly 
acting swelling factor. High doses of sodium benzoate 
and D-mannitol. both of which are typical hydroxyl 
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Fig. 5. Effect of two injcctlons 01‘ bovine livcl- c;~t~~lnsc. 
Saline control (0): cat&se 240.000 U. kg (A). 960.000 U ‘kg 
(A) and YhO.000 L;kg without carrageenan (0). Other indi- 

cations as in Fig. I and FIN. 2. 

radical scavengers. had no effect (Fig. 6). Singlet Effccr.s of i~/~tr(/or~i.\r.\ ~~/‘hi,\f~l,Jllil~~ mtl .\c’,oror~i~~. The 
oxygen ( ‘02) is not a direct acting radical. because first swelling phase (I ,‘? I I ‘2 hr) was not influenced 

a singlet oxygen scavenger. 1.3-diphen~lisobenro- by the antagonists of histamine. mcpyramine 

furan [23] did not inhibit the oedema (Fig. 7). On (IO mg;kg) and of serotonin. methysergide (4 mg.kg). 
the contrary. this agent enhanced the swelling of car- but when the! bvere mixed about fifty per cent inhibi- 

rageenan foot-oedema. The details of this mechanism tion was observed at I hr (Fig. 8). Inhibition of swell- 

remain a problem. ing by this mixed solution was slight after 3 hr dcspitc 
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Fig. 6. ElTects of two injections of hydroxql radical sca- 
vengers. Saline control (0): sodium benzoate 160 mg/kg 
with (A) and without (A) carrageenan: I)-mannitol 
400 mg!kg with (0) and without (m) carrageenan. Other 

Fig. X. Etfecr of three Injwtions 01‘ SOD (IO mg;kg) mixed 
M ith mepylamlne. HCI (IO mg,‘kg) plus methysergide bima- 
lente (4 mg;kg). Saline control (0); mepylamine plus mcthg- 
sergide (A): SOD (0): SOD and mepylamine plus methy- 
sergide with (A) and \bithout (0) carrageenan. Other indl- 

indications as in Fig. I and Fig. 2. cations a$ in Fig. I xnd Fig. 2. 
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Fig. 7. Etfect ol’ two In.jectivns of the singlet oxygen sea- 
Lcnger. I ..i-diphenyliuobcnrof~~r~un dissolved in 3”,, DMF. 
5 mg/kg (A): IO mg,kg (II): 20 mg/kg (A) and IO mg;kg 
without carragccnan (0): 3",, DMF. control (0). Other in- 

dications as in Fig. I and Fig. ?. 
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repeated administration at 2 hr and 3 hr (Fig. 8, Table 
2). Three injections of a mepyramine (10 mg/kg), 
methysergide (4 mg/kg) and SOD (1 mg/kg) mixture, 
reduced the swelling by about 50 per cent at 1 hr, 
but the suppression of the prostaglandin phase by 
SOD was gradually resumed. This phenomenon may 
be explained by recompense swelling owing to strong 
inhibitions of the first phase. The mepyramine plus 
methysergide group also showed accelerated swelling 
speed after 1 hr. The same tendency was observed 
when 10 mg/kg indomethacin was administered 
before the carrageenan injection (Fig. 11). However, 
it is evident that SOD inhibits the prostaglandin 
phase under the influence of mepyramine plus methy- 
sergide. 

The concentrations of mepyramine (10 mg/kg) plus 
methysergide (4 mg/kg) used induced temporary con- 
vulsions in the rat so that an increase in the concen- 
trations in order to inhibit completely the first phase 
was not possible. Treatment with compound 48jSO 
to deplete histamine and with cellulose sulphate to 
deplete kinins. may be a way to abolish completely 
the first phase. Nevertheless, even with such treat- 
ment, the recompense swelling acceleration after 1 hr 
may still appear and may interfere with the analysis 
of the SOD effect. 

&fict of methotrexute treatment. Agranulocyte rats 
were produced by intraperitoneal injections of metho- 
trexate for three days 1171. More than 95 per cent 
of the cells found at the carrageenan injected site at 

Methotrexote 
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t’ t 4 
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Fig. 9. Effect of three injections of SOD (I mg/kg) on 
methotrexate treated rats. Saline injected normal control 
(0); methotrexate treated control (A); normal rat, SOD 
(0). methotrexate treated, SOD with (A) and without (0) 
carrageenan. Other indications as in Fig. 1 and Fig. 2. 

See also the legend of Table 1. 

Table 2. Suppression of carrageenan foot-oedema by various agents at 4 hours 

Swelling Weight increased 

Drug 
m/kg 

i.v. 
Injection No. of Mean kS.E.M. Inhibition Mean +S.E.M. Inhibition 

time* exp. (mm) (%) (9) (%) 

Control 
MnCI, 

1,3-diphenyl- 
isobenzofuran 

2 8 3.3 * 0.1 (0) 0.98 ) 0.11 (0) 
10 2 4 2.5 f 0.2t 24 0.68 + 0.03t 31 
20 2 4 2.1 L- 0.21 36 0.72 ) 0.05t 27 
20 3 4 1.8 + 0.2$ 55 0.58 j 0.12t 41 

5 2 4 3.4 * 0.3 -3 1.02 * 0.12 -4 
10 2 4 3.6 f 0.2 -9 1.08 ) 0.04 - 10 
20 2 4 3.4 + 0.1 -3 0.95 * 0.07 3 

Control 
Sodium 
benzoate 
o-Mannitol 

Bovine Serum 
Albumin 

2 6 
40 2 4 

160 2 4 
50 2 4 

400 2 4 

80 2 4 

Control 
Boehringer 
liver 
catalase 

2 6 

240,000 U/kg 2 4 3.1 + 0.2 6 0.75 + 0.06 
960.000 U/kg 2 4 3.2 + 0.1 3 0.67 + 0.03 

3.2 k 0.1 
2.9 + 0.2 
2.7 f 0.2 
2.8 ) 0.1 
3.1 _+ 0.1 

3.0 * 0.1 

3.0 * 0.1 

(0) 0.69 + 0.06 
9 0.60 f 0.19 

16 0.52 + 0.09 
12 0.67 f 0.03 
3 0.78 + 0.09 

6 0.57 & 0.07 

(0) 
13 
25 

3 
-13 

17 

(0) 0.72 + 0.04 (0) 

-4 

Control 3 10 3.2 k 0.1 (0) 0.70 f 0.12 (0) 
MP* 10 3 4 3.2 + 0.1 0 0.86 * 0.08 -22 
MS* 4 3 4 2.7 k O.lt 16 0.62 + 0.03 11 

* See Materials and Methods. 
Mp: mephylamineHC1, MS: methysergidebimaleate 

t$ As in Table 1. 



Drug 

Control 
.J”,, DMF (i.1.) 

IO”,, DMb (i.\.) 

Illdomcrll;icln 

111 3",, DMF 

l1.V.J 

(1.p.1 

OX(qphcn- 
hutuonc in 
i”,, DMF (i.\.) 

Swelling Weight incrcascd 

In)cction No. of Mean kS.E.M. Inhibition Mean i CL-.M Inhihltton 

mg kg t1mc* up. (mm) (“,,I (<I (“,,I 

7 s 3.3 * 0.1 IO) 0.9x * 0 I I (0) 
2 h 7.2 * 0.2 1 IO) 0.~~7 -i_ 0. Ii I 10) 

2 6 3.0 5 0.1 ') 0.7’1 * 0.05-; 1’) 

IO 2 -I 2.0 + 0. I ;: :7 0.72 t O.l-li- 2h 

20 , 
; 

1 1.x * 0.1: 34 0 07 * ().I()-I- ?I 

I 0 4 2.x * 0.2: I2 0.7s i 0.1 I 20 

IO 3 4 I.9 + -II (1 77 

+ 
0.2: * 0 04-b ‘I 

IO 2 3 2.0 0.1: 3 7 I) x0 * 0. Ii I: 

+ See Materials and Methods. 

+.j: !\\ in Tahlc I 

3 hr and 6 hr wcrc macrophngcs. In the norm~d rat 
onI! about 30 per cent of the cells were macrophagcs. 
the rest being PMN Icucoc~ tes. The swelling of carra- 
gecnan ocdema in agranulocyte rats was not very dif- 
ferent from that in normal rats (Fig. 9). yet the rc- 
sponse to SOD was different. Already at I hr. SOD 
inhibited the swelling by about 70 per cent in agranu- 
locytc rats. As there is little Icucocyte in agranulocytr 
rat. the swelling at I hr is probably sustained mainly 
by the prostoglandin phase instead of histamine or 
serotonin. Strong inhibition by SOD continued for 
3 hl- suggesting that macrophagcs are more sensitive 
to SOD than leucoqtcs. 

Mxon cf (I/. [24] found that the arachidonate in 
PMN Icucocytes is only 3”,, of the total fatty acids. 
hur in macrophapc\ it constitutck ahout 20 per cent. 

Indomethoctn - Dose 

DI 1 62 
c 

Time, hr 

Kg. IO. Elfct of two injections of indomcthacin dissolved 
in 3”,, DMF. Saline control (A); 3”,, DMF control (0): 
indomcthacin IO mg:kg (A). X mg;kg (0) and 3”,, DMF 
without cnrragecnan (0). Other indication5 as in Fig. I 

and Fig. 1. 

cration by macrophagcs was significantly inhibited by 
these drugs [5]. It is tempting to attach importance 
to the role of macrophagcs in carragccnan foot- 
oedcma from the results of Fig. 9 and of iu ritro mac- 
rophage expcrlments. 

c/fkts of’a,lti-i/lpurllrrltrrorl, h~q.~. The cfkcts of in- 
domethacin and oxyphcnbutazonc were compared 
with those of SOD. Three percent DMF used as sol- 
vent, had no effect on the swelling but IO”,, DM F 
was slightly inhibitor) (Fig. IO. Table .3). Two injcc- 
tions of indomcthncin (IO rng.,k! and 20 mg kg) pro- 
duced about 40 per cent inhlbltion throughout the 
observation period (Fig. IO). Three injections of indo- 
methacin (IO mgkg) rcsultcd in a littlc stronger Inh- 
hition at 4 hr, and almost no inhibition was observed 
Malondixldchydc which is ~tlso ;I toxic fret ~-xi~al 

6- 

Indomethoun 

I I I 

t i t’ t 4 
DI 

c 
D2 D3 

Time, hr 

Fig. I I EBi-ct of indomcthacin ( IO mghg). 2”,, DM F 1 I\ ice 
injected control (0): one iqcction of lndomcthncln (A): 
two injections (A): three injectlons (0) and t&so uycctions 
without carrageenan (0). Other indications as 1n Fig. 1 

and Fig. 2. 
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Oxyphenbutazone 

6- 

I 

1 I I 

t t” 
I 

t2 4 

DI 
c 

D2 

Tme, hr 

Fig. 12. Effect of two injections of oxyphenbutazone dis- 
solved in 3”,; DMF. 31, DMF control (0); oxyphenbuta- 
lone 10 mg,/kg (a). 20 mg/kg with (A) and without (0) car- 

rageenan. Other indications as in Fig. I and Fig. 2. 

produced from superoxide anion. was detected only 
in macrophages. We have not yet examined the effects 
of anti-inflammatory drugs on the generation of 
superoxide anions in isolated leucocytes, but the gen- 
after 3 hr in the group given one injection (Fig. I I ). 
The inhibition of carrageenan foot-oedema by oxy- 
phenbutazone is shown in Fig. 12. 

DISCUSSION 

It is difficult to demonstrate directly the increase 
in superoxide anions in an inflamed region, because 
this radical is extremely active and reacts with tissues 
or with foreign substances. Histochemical detection 
may be possible if a suitable reactant can be found 
to combine selectively with superoxide anions. The 
use of SOD, nevertheless. demonstrates the involve- 
ment of superoxide anions in carrageenan foot- 
oedema; only the prostaglandin phase was inhibited 
suggesting the inhibition of prostaglandin biosvn- 
thesis. Other models of experimental inflammation 
such as ultra-violet erythema, adjuvant arthritis or 
metal mercury oedema [25], are future projects. Mor- 
ley rt (II. 1261 proposed a hypothesis that macro- 
phages producing PGs regulate the release of lym- 
phokines from lymphocytes. If this kind of 
mechanism exists, the participation of superoxide 
anions is also possible in an immunologically induced 
inflammation. The reactive site of SOD is not clear 
from our results. but it is probably on macrophages 
either in the blood stream or at the inflamed site. 
Superoxide production by isolated macrophages is in- 
hibited by many non-steroidal anti-inflammatorq 
drugs [5]. 

Davies et ul. 1271 reported the action of carra- 
geenan on the compliment system ten years ago and 
Giroud er al. [28] showed that inflammatory irritants 
stimulate the complement system resulting in hista- 

mine release and fatty acid production serving to 
form PGs through lecithinasc activation. The suppI> 
of PGs substrates is naturally important. but they arc 
no more essential rate-limiting factors than superox- 
ide anions in the formation of PGs. Malmsten (jr 
al. [29] demonstrated that the endoperoxide PGG: 
was more important than prostaglandins E2 or F:, 
in the aggregation of human platelets. Arachidonate 
is transformed via two main pathways: (I ) by lipoxq- 

genase to hydroxyeicosatetracnoic acid (HETE) (2) bb 

a cycle-oxygenase into endoperoxide PGG,. Prostag- 

landins E, and FZx are produced from PGG2 and 

very small amounts of arachidonate resulted to form 
prostaglandin El and FzZ. Indomethacin and aspirin 
inhibit endoperoxide synthesis and not the conversion 
of PGGz to PGEZ and PGF,,. 

PGs act as a chemotactic factors as well as incrcas- 
ing vascular permeability [XI]. The other lipid oxides 
can induce chemotaxis of PMN leucocytc [31]. Con- 
sidering the available information, an inflammator> 
reaction cycle is proposed. designed partially accord- 
ing to Root ct trl. [36] (Fig. 13). The mechanism 01 
superoxide production in lcucocytes or in macro- 
phages is not clear. but the initiation of the produc- 
tion does not al\vnys rquirc phapoq to\is of hactcria 
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Fig. 13. A concept of the inllammation mechanism. Irri- 
tants such as carrageenan. bacteria and perhaps antigen 
antibody complexes activate unknown system of macro- 
phages or leucocytes to generate superoxide anions. This 
mechanism is direct and/or through a compliment system 
and phagocytosis. Gencrated supcroxide anions overwhelm 
the capacity of endogenous cytoplasmic SOD aclivltg xnd 
act on membrane arachidonate or other lipids to product 
prostaglandins (PCs) or lipid peroxides. Superoxide anions 
attack lqsosomal membranes and may be released to react 
with extracellular foreign bodies. PGs and lipid peroxides 
attract more macrophages or leucocqtes 10 the intlammcd 
site by their chemotactic and vascular permeability in- 
creasing characters. A. B and C indicate the sites of inhlbi- 

tion by anti-inflammatory drugs. See also the text. 



etc. The contact of leucoc~ tcs with cytochalasin E in- 

duced superoxide production [?I]. Supcroxide anions 

once gcnrrated in large amounts. ma) attack directl! 

Ihc tissues which do not contain sullicicnt cndo- 

genous SOD. Denaturation of proteins and cnrqmcs 

ill r,irro by superoxide anions has ircportcd by Lavclle 

(21 trl. [i?]. Perouidation of l)sosomul memhrancs b! 

hydroxql radicals resulting in the rupture or the mem- 

hrancs and r&ax of the 1! sosomal cymcs \vab 

rcportcd hy Fong ef u/. [I 51. but It is dilticult to 

explain the inflammation b) the rclcasc 01‘ Iysosomal 

on/)mes :rlonc. In many inbcstipations on the 11 ‘row 

mal membrane st:ihili/ing effects of ~iinti-inllamiii~it~~r~ 

drugs. high doses or agents wcrc used. The r&xc 

d Iysosomal enqmcs by stiporoxide anions did not 

bccm to be the main reason for the dwclopmcnt 01 

infammation. The cycle. macrophapes (leucocqtesl 

+ superoxide anions - Pcis (lipid peroxides)- 

chemotaris (vascular permeability incre;tsc)- mow 

mxrophagcs (Icucoqtes) shown m Fig. 13. is the 

malor scheme in the devclopmtwt 01‘ intl~lmm~ltion. 

In ;I foIlo\zing paper MC treport that site A is a point 

1% hers many non-steroidal ~unti-intl~lmm~lt(~r! &ugs 

act [i]. Site B is the site of inhibition 01‘ PCs bios>n- 

thesis. Site C is related mainly to steroid action vhlch 

inhibits the cell migration. Whilhclmi L33] rcportcd 

that buta/olidin and indomc~hacin ;I:, ~cll 11s pro- 

donisonc. suppress the chemotaxis of cells in formalin 

peritonitis. Inhibition of chcmotuuis i/f c.iro h! non- 

steroidal ;unti-iliflammator~ drugs must lx ;I rctlection 

of chcmotnctic PC& d&ienq. According tv Rinc- 

hart [%I]. steroids inhibit only the emigration 01‘ IKLC- 

rophapcs and not of Icucocytcs. Their results arc in 

accordance with the concept that macrophapes plab 

;L more important role than lcticoq tos in man!’ type 

01‘ inflaiiimations. 

Anti-intlammatory drugs may also compete with 

PCs for PGs receptor(s) and the inhibition of PGs 

rclcase from tissue. as stipposcd hy Lewis c’f Eli. [?5] 

for steroida in adipose tissue. These ctfccts are cqui\.- 

alcnt to the inhibition ol’ PCs biosqnthcsis or chemo- 

tactic suppression i/l riw. When the immunological 

concept is introduced, Fig. 13 musl bc wpplemcntcd 

with I! mphokins effects etc. There is still u possibilit! 

~ONL‘\CI- that superoxide generation i’\ a membrane 

c\ent [37]. 
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