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Abstract-Oxygen-derived free radicals have been implicated as contributors to inflammatory disorders 
and it has been suggested that certain anti-inflammatory drugs act by scavenging free radicals. In this 
paper we have studied the free radical scavenging activity of two such experimental anti-inflammatory 
drugs MK-447 and ONO-3144. Using the technique of pulse radiolysis we have been able to obtain rate 
constants for the reactions of these compounds with specific free radicals including OH’ and 05. We 
have also investigated the antioxidant capacity of these compounds using rat liver microsomal lipid 
peroxidation systems. It is suggested that this approach yielding quantitative data concerning defined 
free radical species will lead to a better understanding of the role of radical scavenging in anti- 
inflammatory activity. 

The development of acute inflammation following 
tissue injury involves several cell types as well as an 
array of chemical mediators including histamine, 
kinins, the complement system and not least the 
prostaglandins and oxygen metabolites [ 11. Prosta- 
glandins contribute to various aspects of the inflam- 
matory response: tissue damage induces damaged 
cells to generate prostaglandins which evoke vaso- 
dilation, increased vascular permeability and chemo- 
taxis. Further tissue injury following poly- 
morphonuclear lymphocyte (PMN) infiltration in 
turn leads to further prostaglandin release [2-4]. 
Free radicals are now thought to play a major role 
in the progression of acute inflammation as well as 
many other biochemical processes [5,6]. The pro- 
duction of oxygen-derived free radicals by phagocytic 
cells has proved of particular interest [6,7]. PMNs 
are known to produce both the superoxide radical 
(0;) and hydrogen peroxide (H202) on activation 
of the respiratory burst system which provides a 
mechanism for the bacteriocidal action of 
neutrophils. This proposed role for the free radical 
metabolites of oxygen is particularly evident in the 
case of chronic granulomatous disease (CGD) where 
the phagocytic cells from affected individuals fail to 
produce such metabolites [g-10]. Leucocytes from 
patients with CGD have the ability to phagocytose 
bacteria but the cells do not exhibit a respiratory 
burst. The basis of this disorder is thought to be an 
abnormality in the NADPH dependent 05 gen- 
erating enzyme system which catalyses the following 
reaction 

202 + NADPH-t 205 + NADP+ + H+ (1) 

As a consequence the affected individual is sus- 
ceptible to a range of opportunistic bacterial and 
fungal infections. 

t To whom correspondence should be addressed. 
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Thus, both the prostaglandins and free radicals 
are intimately involved in the development of acute 
inflammation. The role of the prostaglandins in the 
inflammatory process has been further elucidated 
since the discovery that many non-steroidal anti- 
inflammatory agents (NSAID) are potent inhibitors 
of the enzyme prostaglandin synthetase [ 12-141. 
However, some reports have raised the point that 
many NSAIDSs may also be effective in preventing 
free radical mediated damage [15]. It follows that 
some anti-inflammatory agents may evoke their 
action through antioxidant free radical-scavenging- 
properties. The novel anti-inflammatory agent 2- 
aminomethyl-4-t-butyl-6-iodophenol (MK-447:Fig. 
1) has been shown to inhibit the inflammatory pro- 
cess in certain model systems [16] although it is 
inactive as an inhibitor of PG synthetase [17]. It has 
been proposed that MK-447 may exert its action 
by removing activated oxygen metabolites arising 
during the conversion of PGG2 to PGHz as well as 
that released from PMNs [18]. Similarly, the pro- 
prionyl derivative (ONO-3144:Fig. 1) has been found 
to be comparable in activity to indomethacin though, 
as with MK-447, no inhibition of prostaglandin syn- 
thesis was demonstrated. Again, free radical scav- 
enging has been proposed as the basis of its anti- 
inflammatory properties [ 19,201. 

ONO-3144 MU-447 

Fig. 1. Structure of (a) MK-447 and (b) ONO-3144 
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In this study the technique of pulse radiolysis has 
been used to generate defined free radical species 
and rat liver microsomal systems have been used to 
test the activity of these compounds in scavenging 
the radicals involved in lipid peroxidation. During 
investigations into the latter topic it was necessary 
to test the interaction of these compounds with the 
enzymes of the microsomal cytochrome P-450 
system: a preliminary report of the inhibition of P- 
450-dependent drug metabolism by ONO-3144 has 
already appeared [21]. 

MATFXIAJS AND METHODS 

Chemicals. MK-447 and ONO-3144 were generous 
gifts of Merck, Sharp and Dohme (Hoddesdon, 
Herts, U.K.) and ON0 Pharmaceutical Co. (Osaka, 
Japan) respectively. Sodium azide, potassium thio- 
cyanate and ascorbic acid were supplied from Sigma 
Chemical Co. (St Louis, MO). All other chemicals 
used were of the highest purity available and used 
as supplied. Nitrous oxide was supplied by the British 
Oxygen Corporation. 

Animals. The rats used were males of the Wistar 
strain, average body weight 25Og, obtained from 
Charles River Co. (Margate, Kent, U.K.). They 
were fed on a standard laboratory diet (Expanded 
Breeder Diet No. 5; Special Diet Services, Witham, 
Essex, U.K.) and water ad libitum until 18 hr before 
killing at which time the food was removed. For the 
drug metabolism studies the rats were induced with 
sodium phenobarbitone (1 mg/ml) in the drinking 
water for 7 days. 

Liver microsomalpreparation. The rats were killed 
by cervical dislocation and liver microsomes pre- 
pared as described by Slater and Sawyer [22]. They 
were washed once by resuspension and recen- 
trifugation in 0.1 M Tris : HCI, pH 7.4, and the pellets 
stored at -20“ for no more than two weeks before 

use, when they were resuspended in 0.15 M KC1 such 
that 1 ml of suspension was equivalent to 1 g wet 
weight of liver. This suspension was assayed for 
protein [23] and usually contained 15-20 mg protein/ 
ml. 

Lipid peroxidation estimations. Microsomal lipid 
peroxidation was measured as malondialdehyde 
(MDA) production by the thiobarbituric acid (TBA) 
test except where indicated. Carbon tetrachloride- 
induced lipid peroxidation was measured as 
described by Slater and Sawyer [24] as modified 
by Cheeseman et al. 

/I 
251. Cumene hydroperoxide- 

stimulated, ascorbate 
ADP/iron-stimulated 

iron-stimulated and NADPH/ 
MDA production was 

measured as described previously [26]. NADPH/ 
ADP/iron-dependent lipid peroxidation was also 
measured as oxygen-uptake using an oxygen elec- 
trode as described by Slater [27]. Cysteine/iron- 
stimulated MDA production was measured by the 
method of Searle and Willson [28] but with an incu- 
bation time of 15 min. 

Drug metabolism estimations. NADPH : 
cytochrome P-450 reductase was measured as cyto- 
chrome c reductase activity as described previously 
[22] except at 25”. The binding of test compounds to 
cytochrome P-450 was determined by optical dif- 
ference spectroscopy [29]. Aminopyrine demethyl- 
ase and aniline hydroxylase were measured as 
previously [30,31]. 

Pulse radiolysis experiments. The pulse radiolysis 
experiments were undertaken using the Brunel 4 
MeV linear accelerator and associated equipment 
for kinetic spectroscopy and computer analysis 
[32,33]. In the present study a 0.2 psec electron pulse 
producing a radiation dose of 2-10 Gy (Jkg-l) in an 
irradiation cell of 1.5cm optical path length was 
used. All solutions were prepared in doubly distilled 
or Millipore filtered water. Solutions were saturated, 
where necessary, with NrO using the syringe bub- 
bling technique [34]. 

0 

\ 

(b) ONO-3 144 

-0.5 - 

300 400 500 300 

Wavelength (nm) 

Fig. 2. Spectrum of the transient produced on pulse radiolysis of a nitrous oxide saturated solution 
containing 0.1 mM MK-447 at pH 7.8 (a) or 0.1 mM ONO-3144 at pH 7.4 (b). Dose = 10 Gy; path- 

length = 1.5 cm. 
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RESULTS 

(A) Pulse rad~iys~ studies 
(i) Reaction ~~~ydroxy~ radicals The radiolysis of 

water yields hydroxyl radicals (OH’) and solvated 
electrons e-(aq) both with a yield of cu. 0.28mol 
J-i, together with hydrogen atoms (I-I), with a yield 
of cu. 0.06mol I-‘. In the presence of saturating 
nitrous oxide solvated electrons react rapidly to 
effectively double the yield of OH’ [32]: 

e-(aq) + NrO+ OH- -t+ N2 + OH’ (2) 

with k, 
1 

= 5.8 x log mol-1dm3sec-1. On pulse radi- 
olysis o a nitrous oxide saturated solution containing 
0.1 mM MK-447 (MK-OH) at pH 7.8 a strong tran- 
sient absorption was observed (Fig. 2a). 

Radiolysis of similar solutions containing 0.1 mM 
ONO-3144 (ONO-OH) at pH 7.4 resulted in the 
transient shown in Fig. 2(b). In this case there is a 
decrease in absorption between 310 and 34Onm, 
attributable to a decrease in the ground state absorp- 
tion of the parent molecule, the spectrum shown 
being the difference between the absorption of the 
ground state parent molecule and that of the gen- 
erated free radical. In both cases the formation of 
the transient was exponential and dependent on 
either the MK-OH or ONO-OH concentration. Kin- 
etic analysis of the reactions: 

OH’ + MK-OH+ Products (3) 

OH‘ + ONO-OH + Products (4) 

was performed by using competition kinetic methods 
using either thiocyanate or ABTS (2,2’azino-d&(3- 
ethylbenzthiazoline-6-sulphonate) as the com- 
petitor. In the case of MK-OH, SCN- was used. On 
pulse ra~olysis of a nitrous oxide saturated solution 
containing 0.1 mM SCN- at pH 6.7 the characteristic 

4- 
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Fig. 3. Kinetic ~mpetition plots (see text) for the effect of 
increasing the MK-447 concentration on the magnitude of 
the (SCN)f absorption at 48Onm (0) or ONO-3144 con- 
centration on the magnitude of the ABTS’ absorption at 
415nm (Cl). Note that for ease of comparison between 
MK-447 and ONO-3144 the plot shown has a maximum 
(ONO-31441: [ABTS] ratio of 2.0; higher ratios were actu- 
ally used to obtain the accurate rate constant listed in Table 

1. Dose = 10Gy. 

Table 1. Second order rate constants for the reaction of 
MK-447 and ONO-3144 with a range of free radical species 

generated radiolyti~~y 

k(mol-‘dm3sec-r) 

Radical PH MK-OH ONO-OH 

OH 7.8 1.9 x 10’0 
OH 7.4 - 
(SCN); 6.7 1.1 x 109 

12.0 1.1 x 10s 
N3 7.0 1 x 109 

12.0 1 x lo9 
CC&O, 7.0 6 x 10s 
NO; 6.5 4.6 x IO’ 

12.8 1.6 x lO* 
0; 6.6 <lo5 

3.0 <lo5 

- 
3.9 x log 
1.2 x 10s 
1.2 x 109 

<lo5 
ca.1 X 10” 

<lo5 
<105 
<IO5 
<IO5 
<105 

absorption [32] of the thiocyanate radical anion, 
(SCN) i > was found. In the additional presence of 
MK-OH the observed absorption at 480 nm (&,= for 
(SCN) 2’ ) decreased on increasing MK-OH 
concentration. Plots of A*/A’ against [MK-OH]/ 
[SCN-] (where A” is the absorption immediately 
after the pulse where no MK-OH is present and A’ 
is the absorption on addition of MK-OH) were 
linear, in agreement with the following competing 
reactions 

OH’ + 2SCN- + OH- + (SCN); (5) 

OH’ -I- MK-OH + Products (3) 

The relative rate constant being calculated from 

<=I+ 
kt3) - [MK-OH] 

A k(sj’[SCN-] 

This yields the sort of plot shown in Fig. 3 and the 
derived rate constants listed in Table 1. 

(ii) ~eac~~~ of the ~~u~ga~ic radical. The azide 
radical (N;) is known to react rapidiy and selectively 
with phenolic compounds to generate the cor- 
responding phenoxy radicals [35]. On pulse radiolysis 
of a nitrous oxide saturated solution containing 0.1 M 
sodium azide and 0.1 mM MK-447 at pH 7 a strong 
signal similar to that observed previously (during the 
OH’ generating system) was observed. However, in 
this case the yield was higher than that observed 
previously with E = 1420 dm3mol-‘cm-’ at 400 nm 
on Nj oxidation and E = 1120dm3mol-1cm-1 fol- 
lowing OH’ oxidation (assuming a radical yield of 
0.55 mol .I-‘). When the bromide radicaf anion 
(Br,‘) was used as the oxidant, similar results were 
obtained (data not shown). 

On substituting ONO-3144 for MK-447 in the 
N; generating system no reaction was observed at 
pH 7. However, on raising the pH to 12.5 the same 
spectrum as found with OH’ oxidation was observed. 
Again the yield was increased with a= 
4075 dm3mol-‘cm-’ at 290 nm as opposed to E = 
1850 dm3mol-1cm-1 on OH’ oxidation. 

The thiocyanate radical anion behaves in a similar 
manner to Br: and Nj. Again, pulse radiolysis of a 
nitrous oxide saturated solution containing 0.1 M 
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KSCN and 0.1 mM MK-447 at pH 7.4 the same 
transient as observed previously was observed. This 
transient is attributed to the MK-447 phenoxyl 
radical, MK-0’. The appearance of the MK-0’ rad- 
ical was exponential and first order in MK-447 
concentration with k = 1.1 X 109mol-’ dm3sec-‘, 
according to: 

(SCN); + MK-OH-+ 2SCN- + MK-0’ + H+ (7) 

When similar solutions containing 0.1 mM ONO- 
3144 were irradiated at pH 7.4 the transient observed 
with OH’ and N; oxidation was seen and again the 
formation of the transient was exponential and first 
order in ONO-3144 concentration with k = 
1.2 x 10smol-1dm3sec- l. However, on raising the 
pH to 12.0 the rate of appearance of the transient 
species was accelerated with k = 1.2 x 
lo9 mol-‘dm3sec-I. The effect of changing the 
pH on nitrous oxide saturated solutions of 0.1 M 
KSCN and 0.1 mM ONO-3144 is shown in Fig. 4. 
There is a sharp increase in first order rate constant 
above pH 9 although throughout the pH range used 
there is no significant change in the primary species 
generated. This effect is attributed to the ionisation 
of the hydroxyl group on the ONO-3144 molecule. 
The data shown in Fig. 4 indicate that the process: 

ONO-OH G ONO-0 - + H + (8) 

/ 

0 

m-0 l l 0 

1 

6 7 6 9 10 11 12 

PH 

Fig. 4. Effect of pH on the observed first order rate constant 
for ONO-3144 (0) or MK-447 (0) oxidation by the thio- 

cyanate radical anion. Dose = 9 Gy. 

has a pK of ca. 10.5. Also shown in Fig. 4 is the 
effect of changing pH on MK-447 oxidation by 
(SCN);‘. 

(iii) Reactions of the superoxide and hydroperoxy 
radicals. The superoxide radical (0;) can be gen- 
erated radiolytically by pulse radiolysis of nitrous 
oxide/oxygen (80 : 20) saturated solutions containing 
excess formate. Under these conditions the following 
reactions occur 

OH’+HCOO-+H,O+COO’ (9) 

COO’ - + 02 -+co,+o$ (10) 

O,- + H+ *HO; (pK=4.9) (11) 

with k 9I and kcI,,) equal to 0.4 X log and 
‘9 2.0 x 10 mol-‘dm3sec-’ respectively [32]. Pulse 

radiolysis of such a solution (1 M formate) containing 
0.5 mM MK-447 at pH 6.6 gave a transient absorp- 
tion immediately after the pulse with il,, = 260 nm, 
characteristic of the superoxide radical anion. How- 
ever, no formation of any other transient was 
observed; and no effect of MK-447 concentration on 
the decay of 0; was demonstrated. On changing the 
pH to 3, where HO; is the major species formed, 
again no reaction was observed. Similarly, when 
ONO-3144 was used rather than MK-447 no reaction 
with either 0~ or HO; over the timescale used was 
seen, This implies that if 0; or HO; react with 
either of the anti-inflammatory agents then the rate 
is relatively slow, i.e. <lo5 mol-1dm3sec-1. 

(iv) Reactions of the trichloromethylperoxy radical. 
Some phenolic antioxidants, such as vitamin E and 
Trolox C have been shown to react rapidly with the 
trichloromethylperoxy radical (CC130z’) (36,371. 
CC1302’ may be readily generated in air saturated 
solutions containing 20% t-butanol and 5 mM CC& 
through the following reactions 

OH’ + CH3(CH3)ZCOH + Hz0 

e-(aq) + Ccl4 

ccl,’ 

ccl; + 02 

+ ‘CH2(CH3)$OH (12) 

+ ccl; (13) 

+ ccl; + cl- (14) 

--, cc130; (15) 

On addition of 0.1 mM MK-447 at pH 7 a transient 
identical to that observed previously was found. 
Again, the appearance of the transient was exponen- 
tial and dependent on the MK-447 concentration 
according to: 

CC130; + MK-OH -+ CC1300H (16) 
+ MK-0’ 

with kC16) = 6 x lo* mol-‘dm3sec-‘. Where ONO- 
3144 was substituted for MK-447, at pH 7 no product 
attributable to the phenoxyl radical was found. How- 
ever, in keeping with the earlier results, raising the 
pH to 13 resulted in the observation of ONO-0’. 

(v) Reaction of nitrogen dioxide. The nitrogen 
oxide, NO;, has been shown to undergo both one- 
electron and hydrogen atom transfer reactions [38], 
and may be generated on pulse radiolysis of nitrous 
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oxide saturated solutions containing sodium nitrite 
according to: 

OH’ + NO; + OH- + NO; (17) 

with kcl,) = 1.3 X lo9 mol-‘dm3sec-‘. Radiolysis of 
0.1 M NaNOz and 0.1 mM MK-447, pH 6.5, nitrous 
oxide saturated, resulted in the formation of MK-0’ 
with k = 4.6 x lo7 mol-1dm-3sec-1. On raising the 
pH to 12 the rate also increased to 
1.6 X lo8 mol-‘dm3sec-‘. 

(vi) Reactions of the MK-447 phenoxyl radical. 
The results outlined above indicate that under con- 
ditions of neutral pH MK-447 is more readily oxi- 
dised than is ONO-3144. Given that recent results 
have shown that some phenoxyl radicals may them- 
selves oxidise certain biological reducing agents [39], 
it was of interest to investigate the phenoxyl radical 
generated from MK-447 to assess whether it could 
enter into reactions with known antioxidants such as 
vitamin C and Trolox C (a water-souble analogue of 
vitamin E). On pulse radiolysis of a nitrous oxide 
saturated solution containing 0.1 M KBr, 10 mM 
MK-447 and 0.1 mM Trolox C at pH 3.5, the 
MK-0’ was formed immediately after the pulse 
according to: 

Br;’ -t- MK-OH-, 2Br- + H+ + MK-0’ (18) 

The pH was maintained below 4 as high con- 
centrations of MK-447 (i.e. > 5 mM) were poorly 
soluble above pH 4. The MK-0’ spectrum was 
replaced by that of the Trolox phenoxy radical 
(TxO’) but spectral resolution of the two species 
proved difficult. Nevertheless, on increasing the 
Trolox C concentration it was evident that the rate 
of appearance of TxO’ was increased. Therefore, it 
appears that MK-0’ can oxidise Trolox C but the 
spectral overlap means that no reliable kinetic data 
could be obtained. Ascorbic acid (vitamin C) has 
been shown to be oxidised by both the vitamin E 
and the Trolox C phenoxyl radical [36] and the 
ascorbyl radical (AT), has an absorption maximum 
at 360 nm which allows spectral resolution from that 
of MK-447. On pulse radiolysis of a nitrous oxide 
saturated solution containing 0.1 M KBr, 5 mM MK- 
447 and 0.1 mM ascorbate at pH 3.2 the characteristic 
absorption attributed to MK-0’ was found immedi- 
ately after the pulse. This was replaced by a species 
with &.,,= 360nm corresponding to the ascorbyl 
radical. On increasing the ascorbate concentration 
the rate of appearance of A’ increased, in accord- 
ance with the reaction: 

MK-0’ + AH- + MK-O- + A? + H+ (19) 

Kinetic analysis of the reaction gave k= 
8.4 x lo8 mol-‘dm3sec-l. 

(B) Lipid peroxidation studies. 

MK-447 and ONO-3144 were tested for their anti- 
oxidant activity in a range of lipid peroxidation sys- 
tems using rat liver microsomes. The antioxidant 
activity of MK-447 was greater than that of ONO- 
3144 in all of the lipid peroxidation systems tested, 
usually by a considerable degree (Table 2). In the 
system dependent on NADPH/ADP-iron, for 
example, the estimated EDGE for MK447 was approxi- 
mately 50 PM whereas that for ONO-3144 was at 
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Table 3. Interaction of ONO-3144 and MK-447 with the liver microsomai cytochrome P-450 
system 

Percentage i~bition of: 

Agent 

ONO-3144 

MK-447 

5OOti 
100 ,uM 
5O/JM 
10 pM 
5w 
1pM 

1~~ 
50 ,uM 
1OpM 
5pM 

NADPH: cyt c reductase 

-3 ir 2’ (3) 
0 2 3 (3) 
4 2 3 (3) 

- 
- 
- 

-1, +1 
0, +4 
- 
- 

Aminopyrine demethyiase 

95 + 6 (3) 

91 k< (3) 
68 ‘: 3 (3) 
53 k 2 (3) 
21 2 3 (3) 
62 + 7 (3) 
50 + 8 (3) 
29 f 8 (3) 
23 2 9 (3) 

* Net stimulation. 

least IO-fold higher. In the CCl.&imulated system 
the EDGE for MK-447 was estimated at around 20 @4 
while for ONO-3144 it was appro~ately 25 times 
higher than this. Also in a non-enzymic system, that 
stimulated by iron-cysteine, MK-447 was some 17.5- 
fold more effective than ONO-3144 with an EDsO of 
around 20 @f. ONO-3144 was most effective against 
cumene hydroperoxide-dependent lipid oxidation 
(EDGE 150 @f) where, in contrast, MK-447 was at its 
least effective (EDSo 75 @). 

Since many of the lipid peroxidation systems 
involve enzymes of the ~~o~rnal drug metab- 
olising system, the interaction of the test compounds 
with cytochrome P-450 and with NADPH: 
cytochrome P-450 reductase (measured as 
NADPH : cytochrome c reductase) was tested. 
Neither ONO-3144 nor MK-447 exhibited any inhibi- 
tory activity towards NADPH: cytochrome c 
reductase activity (Table 3). However, both com- 
pounds interacted strongly with cytochrome P-450 
and inhibited led-unction oxidase activity. 
A~nop~ne demethylase was inhibited by both 
compounds: 50% inhibition was achieved with 
around 5 PM ONO-3144 and 50 PM MK-447 (Table 
3). Both ONO-3144 and M&447 gave similar strong 
type II substrate-binding spectra with a peak around 
430 nm and a broad trough around 393 nm (data not 
shown). 

The pulse radiolysis data provide useful infor- 
mation as to the potential antioxidant activity of MK- 
447 and ONO-3144. On examination of Table 1 it is 
clear that at neutral pH the iodinated derivative MK- 
447 is far more easily oxidised by the radicals studied 
than ONO-3144, This implies that the redox couple 
E(ONO-O’/ONO-O-) is greater than E(MK-O’/ 
MK-O-) and hence the radical scavenging ability of 
MK-447 should be greater than that of ONO-3144. 
As would be expected, both compounds react rapidly 
with the hydmxyl radical as determined by com- 
petition kinetic methods, though this method pro- 
vides no evidence as to the mechanism of action. 
The species generated on OH’ oxidation could be the 
phenoxyl radical though alternatively OH’ oxidation 
could result in carbon-centred radical formation else- 

where on MK-447 or ONO-3144. In both cases the 
species resolved optically has been assigned to the 
phenoxyl radicals given that phenoxyl radicals tend 
to exhibit absorptions at cu. 400 nm and also that the 
yield of the observed species is enhanced when 
more selective oxidants were used. Furthermore, the 
oxidation of MK-447 by NO; and ONO-3144 by 
(SCN): demonstrate some pH dependence in com- 
mon with the ionisation of the hyclroxyl grouping 
facilitating electron transfer. The mechanism of OH’ 
oxidation probably involves OH’ addition in com- 
mon with other phenols, e.g. 

OH’ + MK-OH --, MK-OH(OH)’ (20) 

The OH adduct may then undergo unimolecular 
acid/base-catalysed elimination of water to form the 
more resonance stabilised phenoxyl radical species 
as is the case with phenol 1401: 

MK-OH(OH)’ + MK-0’ + Hz0 (21) 

Previous studies on the oxidation of phenol& com- 
pounds by the inorganic radical anions have shown 
a marked pH dependence on the rate of oxidation 
as exhibited here by ONO-3144 [32,42]. The mech- 
anism at high pH is believed to proceed through a 
direct one electron transfer mechanism, i.e. 

(SCN); + ONO-0 - + 2SCN- (22) 
+ ONO-0’ 

The fact that MK-447 does not exhibit such a pH 
dependence with (SCN)$ reflects the lower oxi- 
dation potential of this compound. Thus any dif- 
ference in redox potential between MK-OH and 
MK-O- does not significantly alter the equilibrium 
constant of the overall reaction. NO; is a weaker 
oxidant than (SCNZ, therefore the observed pH 
dependence in this case is not surprising. The mech- 
anism involved at neutral pH may also be one of 
electron transfer: 

(SCN)$ + MK-OH-t 2SCN- 
+ MK-OH: 

(23) 

MK-OH: = MK-0’ + H+ (24) 

Phenolic radical cations tend to have pKa values 
of cu.-5 [42], therefore the MK-OHt if formed, 
should rapidly deprotonate according to reaction 
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1241. A similar scheme has been proposed for the 
one electron oxidation of tyrosine by SOi- [41]. 
Simil~ly, the results obtained on CClsO; oxidation 
may be explained by electron transfer processes. 
Given that the redox couple (MK-O’/MK-O-) is 
lower than that of (ONO-O’/ONO-O-) then the 
oxidation of MK-OH will be favoured at neutral pH. 

Perhaps the most intensively studied free radical 
in terms of biological significance is 0; and its con- 
jugate acid HO’, . The potential toxicity of this species 
has invoked many studies on its reaction mechan- 
isms, not least with potential antioxidants. Our 
results do not demonstrate any reaction between 
0~ or HO; and the compounds studied. HO; has 
been shown to oxidise a-tocopherol with k = 2 x lo5 
mol-‘dm3sec-’ [43] but no evidence for any reaction 
was shown here (Table 1). 

Our pulse radiolysis data suggest that of the two 
compounds studied, MK-447 reacts more rapidly 
with oxidising free radicals. However, these results 
alone do not indicate whether MK-447 will function 
as an effective antioxidant. The inclusion of a phe- 
nolic hydroxyl group does not directly confer efficient 
antioxidant activity; the effectiveness depends on a 
number of factors [44]. Another example is that of 
p-cresol which could be viewed as structurally similar 
to both ONO-3144 and MK-447 in that it contains a 
phenolic -OH and acts efficiently as an antioxidant 
in hydrocarbon systems but not in aqueous systems 
1451. Biological antioxidants such as vitamin E act by 
reacting with peroxyl radicals which are the chain 
carriers in lipid peroxidation. They trap radicals 
directly and as such shorten the chain length, hence 
they are chain breaking antioxidants. Clearly, the 
antioxidant ability of a compound will not only relate 
to the rate by which it may react with an oxidising 
species but also to the stability of the radical product 
formed. As indicated, the interactions between the 
actocopheroxyl radical with ascorbic acid are well 
established 13646,471, and this may enhance the 
antioxidant activity of o-tocopherol. The results 
shown in Fig. 4 demonstrate that MK-0’ reacts 
rapidly with ascorbate. The rate obtained, 
8.4 x lo8 mol-‘dm3sec-’ is greater than that 
obtained for repair of the respective phenoxy radicals 
of Trolox C and tocopherol by ascorbate (39 and 
1.6 x lo6 mol-1dm3sec-1 respectively). The slow 
rate obtained for the a-tocopheroxyl radical has been 
attributed in part to stereoelectronic factors which 
suggest that the radical is stabilised by the ethereal 
oxygen p-type lone pair of Lu-tocopherol [48]. 
Clearly, MK-0’ is more reactive; but these results 
suggest that the antioxidant efficacy of MK-447 may 
be enhanced by other compounds such as ascorbate. 
Thus, the pulse data suggest that the redox couple 
for ONO-O’/ONO-O- is high and as a consequence 
this makes MK-447 the more likely candidate to 
exhibit antioxidant properties. The lipid peroxi- 
dation systems examined go some way as to address 
this question. It is clear from the data shown in 
Table 2 that both compounds tested had antioxidant 
activity but MK-447 is, in fact, the better antioxidant 
of the two. In every lipid peroxidation system tested 
MK-447 was the more effective inhibitor and these 
data are clearly in line with the rate data obtained 
by pulse radiolysis. The EDGE values obtained for 

ONO-3144 in these microsomal lipid peroxidation 
systems are in concord with that obtained by Aishita 
et al. in HsOr-induced erythrocyte lipid peroxidation 
[19]_ The mechanism of antioxidant action is not 
certain. The most likely mode of action is to break 
the chain reaction by intercepting lipid peroxyl rad- 
icals as in the case of the natural phenolic antioxidant 
cu-tocopherol but other mechanisms cannot be ruled 
out. The scavenging of initiating radicals (such as 
CClsOi in the CCLdependent system) is unlikely 
given the greater concentration of target fatty acids. 
The NADP~/ADP-iron- and Calm-stimulated sys- 
tems require the activity of NADPH : cytochrome P- 
450 reductase and this was not inhibited by either 
compound. 

Cytochrome P-450 is essential for the systems 
stimulated by Ccl4 and cumene hydroperoxide and 
probably participates to some extent as a propagating 
catalyst in all the microsomal lipid peroxidation 
systems. For this reason it was necessary to test the 
interaction of MK-447 and ONO-3144 with cyto- 
chrome P-450. Both compounds interacted strongly 
with cytochrome P-450 producing type II binding 
spectra and inhibiting aminopyrene demethylase 
activity. In a previous preliminary report ONO-3144 
was also shown to inhibit aniline hydroxylase and 
ethoxycoumarin deethylase [21]. Thus, the inhibitory 
activity of ONO-3144 and MK-447 may be in part due 
to binding to cytochrome P-450. The low inhibitory 
activity of ONO-3144 against CCld-induced lipid per- 
oxidation is similar to that of other inhibitors of 
cytochrome P-45~dependent reactions 1491 and may 
be due to displacement of the inhibitor by Ccl,. 
The P-450 binding activity of these compounds is 
interesting since ONO-3144 has been shown to 
inhibit thromboxane synthesis, despite enhancing 
arachidonic acid conversion overall [ 19,201. Throm- 
boxane synthetase and prostacyclin synthetase have 
been shown to be “P-450-like” enzymes by Ulhich 
and colleagues [SO]. Their respective active sites are 
suffi~ently different for certain compounds to 
specifically inhibit purified thromboxane synthetase. 
It would be interesting to know if ONO-3144 also 
exhibited such activity with the purified enzyme. 

The significance of MK-447 and ONO-3144 lies in 
their ability to act as anti-inflammatory agents with- 
out inhibiting the synthesis of prostaglandins by 
prostaglandin synthetase. In this respect they differ 
from the typical, indomethacin-like, non-steroidal 
~ti-in~ammatory drugs. Kuehl and co-workers 
showed that MK-447 actually stimulated the syn- 
thesis of PGH:, by enhancing cyclooxygenase activity 
[16,18]. A number of free-radical scavengers, includ- 
ing phenol itself, were shown by this group to have 
this effect and their action was suggested to be the 
protection of the cyclooxygenase and peroxidase 
activity of prostaglandin synthetase by scavenging an 
activated oxygen species (postulated to be the OH’ 
radical) released during the enzymatic conversion of 
PGG2 to PGH,? [18,50]. Similar results were 
reported for the MK-447 analogue, ONO-3144 
[19,20]. It was suggested that the activated oxygen 
species generated during PGHz production may be 
pro-inflammatory and that the anti-inflammatory 
activity of these compounds may be derived from 
their ability to scavenge this reactive intermediate 
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[l&20]. It is unclear what the identity of this active 
oxygen species is, although OH’ has been suggested. 
Our own data make it clear that both MK-447 and 
ONO-3144 react very rapidly with OH’ but this is 
true of practically all organic compounds. 

Neither the superoxide radical (OS), nor its con- 
jugate acid (HO;) reacted rapidly with the two test 
compounds. In fact, it seems unlikely that 0,~ is 
sufficiently reactive itself to promote inflammation. 
The pulse radiolysis data and the lipid peroxidation 
data indicate that organic peroxyl radicals, such as 
lipoperoxyl radicals, are rapidly scavenged by both of 
these anti-inflammatory agents. This may represent a 
further mechanism for their anti-inflammatory 
effects as lipid peroxides may be pro-inflammatory 
and other antioxidant compounds have also been 
shown to have anti-inflammatory activity [52]. Over- 
all, MK-447 exhibited better radical-scavenging and 
antioxidant activity than did ONO-3144. Likewise, 
MK-447 seems a better stimulator of PGH2 pro- 
duction than is ONO-3144 judging by the respective 
data of Kuehl et al. [16] and Aishita et al. [19], 
although the compounds have not, to our knowledge, 
been tested simultaneously. 

Free radicals are widely promoted as intermediates 
in the inflammatory response and anti-inflammatory 
activity is often attributed to radical scavenging, 
though the identity of the putative free radical species 
is often vague. In a recent publication the ability of 
a wide range of anti-inflammatory compounds to 
scavenge reactive oxygen species released by phago- 
cytes was determined using a chemiluminescence 
assay [53]. This approach is valuable in that it gives 
a functional, pharmacological test of the ability of 
compounds to scavenge reactive oxygen species but 
the radical species involved are not well defined. In 
this paper we have shown that it is possible to obtain 
quantitative data on the reaction of defined free 
radicals with anti-inflammatory compounds pos- 
tulated to be acting as free-radical scavengers. A 
combination of such approaches will lead to a better 
understanding of the role of free radicals in inflam- 
mation and of radical scavenging in anti-inflam- 
matory activity. 
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