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Abstract-We tested the ability of a wide variety of organic compounds, including benzene and phenol 
derivatives, aromatic amines, pyrazoline derivatives and other non-steroidal anti-inflammatory drugs, 
to act as cosubstrates during the horseradish peroxidase/hydrogen peroxide-mediated oxygenation of 
arachidonic acid. Structural requirements for drug activation in our system proved to be an aromatic 
system and ring substitution by an easily oxidizable group. Complementary substituents modified drug 
activation. Among the phenol derivatives and aromatic amines we found the meta-substituted compounds 
to be significantly more effective than their or#ao- and paru-substituted analogues, indicating the 
involvement of radical intermediates in this type of reaction. The radical from 1-phenyl 3-methyl 2- 
pyrazolone(5) was detected by electron paramagnetic resonance spectroscopy. Kinetic studies on this 
radical were in good accordance with time-dependent measurement of arachidonic acid oxygenation. 

The co-oxidation of suitable drugs during the action 
of PHS§ was first described by Marnett et al. [l]. 
Later, it was shown that cosubstrate oxidation 
occurred while prostaglandin G2 was converted into 
prostaglandin H2 by the hydroperoxidase component 
of the enzyme [2,3]. These properties are shared by 
many other heme-containing unspecific peroxidases 
(e.g. HRP, lactoperoxidase, myeloperoxidase). Co- 
oxidation reactions catalyzed by peroxidases gen- 
erate substrate-derived free radicals, which are con- 
sidered to cause cytotoxic, mutagenic or carcinogenic 
effects. For the action of PHS this is well 
documented, e.g. in the case of acetaminophen 
[4,5], p-aminophenol [6], aminopyrine [7,8], ben- 
zidine [9], BW 755 C and phenidone [lo], diethyl- 
stilbestrol [ll], 1-naphthol [ 121, p-phenetidine [ 131 
and 3,3’,5,5’-tetramethylbenzidine [14]. 

Recently, we discovered another possible conse- 
quence of peroxidase-mediated drug activation: AA 
oxygenation in the presence of suitable cosubstrates, 
so-called “reverse co-oxidation” [ 151. Products of 
this reaction have been found to be HPETEs and the 
corresponding HETEs. This may be of physiological 
importance, considering the biological function of 
these compounds as potent mediators of allergy and 
inflammation. 

The aim of this study was to present evidence for 
the cosubstrate-derived radical to be the causative 
agent in peroxidase-mediated AA oxygenation. 

t To whom reprint requests should be addressed. 
B Abbreviations used: AA, arachidonic acid; EPR, elec- 

tron paramagnetic resonance; HETE, hydroxyeicosatetra- 
enoic acid; HPETE, hydroperoxveicosatetraenoic acid; 
HPLC, high-pressure liquid chromatography; IR, infrared; 
NSAID. non-steroidal anti-inflammatorv drug: PHS. 
prostaglandin H synthase; PMP, 1-phenyl j-methyl 2-pyr: 
azolone (5); TLC, thin layer chromatography. 

Structural requirements were to be worked out for 
chemicals, acting as one-electron donors in this type 
of reaction, among them drugs, for which radical 
formation by peroxidases has not yet been described. 
Apparent inconsistency of our results with phar- 
macological properties of some of the tested drugs 
are discussed. 

MATERIALS AND METHODS 

Chemicals. [l-‘“Cl AA (specific activity 50-59 Ci/ 
mol = 1.85-2.18 TBq/mol) was purchased from 
Amersham Buchler (Braunschweig, F.R.G.) and 
from Du Pont de Nemours (Dreieich, F.R.G.). HRP 
(type II, 200 U/mg solid), lipoxygenase (type I from 
soybean, 150,000 U/mg solid), glutathione per- 
oxidase (from bovine erythrocytes, 300-700 U/mg 
solid) and unlabelled AA (purity > 99%) were pur- 
chased from Sigma Chemicals (Munchen, F.R.G.) 
and used without further purification. 

H202 and all organic solvents were purchased 
from Merck (Darmstadt, F.R.G.). The tested phenol 
derivatives, aromatic amines, pyrazolines and other 
NSAIDs, the carcinogens and all other applied sub- 
stances were of reagent grade and obtained from 
commercial sources. 

Incubation and extraction procedure. The pro- 
duction of HPETEs and HETEs from AA was deter- 
mined in an assay system containing K2HP04 buffer 
(0.1 M, pH 8.0) [l-14C]AA (2.5 PM), HRP (10 pg), 
H202 (10-2-10-6 M) in the presence or absence 
of various cosubstrates (2 X 10-3-10-5 M), the pH 
being carefully adjusted to 8.0. Incubation (20 min, 
37”), reaction stop and selective extraction of non- 
oxidized AA were carried out in a sample volume of 
300 pl according to Knippel et al. [16]. The labelled 

1209 



1210 F-M. LEHMANN eta1 

Table 1. Amounts of HPETEs and HETEs generated in a donor/HRP/H,O,-system depending on 
the chemical structure of added benzene and phenol derivatives. 

Substance 
Yield in % of AA 

X *SD 

0-i 
6 2 

@ 

R 
5 3 

4 

Structure 

Benzene 
Phenol 
Anisole 
Pyrocatechol 
Resorcinol 
Hydroquinone 
o- 
m-Cresol 

i:Ethylhenol 
p-Propylphenol 
o- 
m-Aminophenol 
P- 
O- 

m-Acetaminophen 
P- 
O- 

m-Nitrophenol 
P- 
O- 

m-Hydroxydiphenyl 
P- 
2,6-Dimethylphenol 

2,6-Di-tert.-butylphenol 

Salicylic acid 
m-Hydroxybenzoic acid 
P- 
Protocatechuic acid 

Vanillic acid 

3,5_Dihydrobenzoic acid 

Diflunisal 

Diethylstilbestrol 21 

- 
34 

29 4.5 

37 
51 
40 
71 
77 
- 
- 

19 
72 
37 
47 
72 
27 
35 
73 
48 
29 

- 
15 
37 
- 

35 

24 

- 
11.3 

- 

4.2 
9.0 
7.5 
2.0 
4.1 
- 

- 
4.9 

10.6 
5.0 
2.1 
7.9 
5.2 
6.0 

13.5 
9.1 
3.0 

5.7 
14.0 

- 

9.1 

- 

3.7 

2.9 

1: 
1: 
1: 
2: 
3: 
4: 
2: 
3: 
4: 
4: 
4: 
2: 
3: 
4: 
2: 
3: 
4: 
2: 
3: 
4: 
2: 
3: 
4: 
2: 
6: 
2: 
6: 
2: 
3: 
4: 
2: 
4: 
2: 
4: 
3: 
5: 
2: 
4: 
4: 

H 
OH 

OCHj 

OH 

NHCOCH, 

COOH 

OH 
COOH 
OCH, 

COOH 
OH 

COOH 
COOH 
C,H,F, 

CZ(CZH&GHJ 

Final concentrations in a total sample volume of 300 ~1 were: HRP 10 pg, H,Oz 2-4 mM, donor 
1 mM, [1-14C]AA 2.5 PM in 0.1 M phosphate buffer, pH 8.0. Mean values (x) and standard deviations 
(SD) are calculated from at least five experiments. 

products of AA were quantified by liquid scintillation 
counting. 

Identification of oxygenated AA products by TLC. 
After different incubation periods (2-20 min) and 
temperatures (25” or 379, the reaction was ter- 
minated and AA and its oxygenated products were 
extracted by adding 2.5 vol. of ice-cooled ethyl 
acetate three times. All subsequent steps were 
carried out in the cold (O-4”) to protect the 
hydroperoxides from autoxidation. The organic 
layers were pooled and the solvent evaporated 
under nitrogen stream. The residue was redissolved 
in 60 ~1 benzene/ethanol (1: 1, v/v) and applied to 

20 x 20 cm precoated silica gel glass plates (0.5 mm, 
impregnated with fluorescent indicator F 254, 
Merck, Darmstadt, F.R.G.) with Hamilton micro- 
syringes using a Linomat III-applicator (Camag, 
Berlin, F.R.G.). Solvent systems were dieth 
n-hexanelacetic acid (60: 40: 1, 
chloroform/methanol/acetic 

v/v v) or r 

lether/ 

acid/water 
(80:8: 1:0.8, v/v/v/v) according to Salmon et al. 
[17]. The radioactive zones were detected using a 
Berthold LB 2723 scanner (Wildbad, F.R.G.). 
Labelled lipoxygenase products were used as auth- 
entic standards and prepared as follows: [1-‘4C]15- 
HPETE was obtained by incubating soybean lipoxy- 
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Table 2. Amounts of HPETEs and HETEs generated in a donor/HRP/H,Oz-system depending on 
the chemical structure of added aromatic amines and related compounds. For further details see 

legend to Table 1 
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NY 
6 2 

@- 

R 
5 3 

4 

Substance 
Yield in % of AA 

n &SD 
Structure 

Aniline 
N-Methylaniline 
N, N-Dimethylaniline 
o- 
m-Toluidine 
P- 
2,6-Dimethylaniline 

3,SDimethylaniline 

O- 

m-Phenylenediamine 
P- 
N, N-Dimethyl-p- 

phenylenediamine 
N, N, N’,N’.Tetramethyl-p-phen- 

ylenediamine 
o- 
m-Phenetidine 
P- 
O- 

m-Acetophenetidine 
P- 
o- 
m-Nitroaniline 
P- 
Anthranilic acid 
m-Aminobenzoic acid 
P- 
Mefenamic acid 

Flufenamic acid 

Benzidine 
N, N, N’, N’-Tetramethylbenzidine 

32 8.4 
79 10.1 
- - 
35 2.6 
4.5 5.0 

7 0.8 
28 3.7 

52 8.2 

19 3.9 
26 1.8 
10 0.6 

16 3.4 
- - 

8 0.9 
33 2.7 

9 1.4 
- - 
- - 
- - 
- - 
- - 
- - 
21 2.1 
28 3.9 
37 2.6 
43 1.7 

18 0.9 

40 7.4 

- - 

1: 
1: 
1: 
2: 
3: 

:; 

6: 
3: 

;; 

3: 
4: 

4: 
1: 
4: 
2: 
3: 
4: 

;i 

41 
2: 
3: 

;; 

3: 
4: 
1: 
4: 
1: 
4: 
4: 
1: 
4: 

NHz 
NHCH, 

N(CH,)r 

CH3 

CH3 

CH3 

NHz 

OC2Hs 

NO2 

COOH 

WGWCH,),I 
C6H4COOH 

NHGH.CFJ 
CJ-f,COOH 

GHGH4NHr) 
WH& 

GJ-W&WH~)tl 

genase (2yg) and [l-t4C]AA in KzHP04 buffer 
(0.1 M, pH 8.0) in a total sample volume of 300 ~1 
[18]. An incubation time of 2 min was sufficient to 
yield quantitative conversion of AA into the single 
product, which was extracted as described above. 
To prepare [1-14C]15-HETE, the preceding steps 
were followed by the addition of glutathione 
oxidase (3 pg) and reduced glutathione (lo- ger- M) 
and another incubation period of 5 min before the 
extraction procedure was carried out. 

Radical detection by EPR. Spectra were recorded 
on an EPR spectrometer (Bruker 200 END console, 
X-band spectrometer, AEG 20 x magnet) and a 
variable temperature accessory. Measurements were 
carried out under anaerobic conditions. The solu- 
tions were freed from oxygen by gassing with highly 
purified nitrogen before use, and the sample was set 
under argon atmosphere. The reaction was started 
by adding HRP anaerobically, and the capillary tube 

was placed immediately into the EPR cavity. The 
neutral radical of PMP was produced chemically 
by adding KOH/[Ka(FeCN),] to a solution of the 
substance in oxygen-free toluene. 

Determination of hydrogen bonding by IR-spectro- 
scopy. Spectra of hydroxybenzoic acids were re- 
corded on a Perkin-Elmer 1420 ratio-recording 
IR spectrometer in KBr solution. 

Measurement of oxygen uptake. AA-dependent 
oxygen consumption was determined using a 
Biometer equipped with a Clark electrode (B. 
Braun, Melsungen, F.R.G.). Reaction was started 
by adding HRP. Concentrations were: HRP 70 pg, 
Hz022 mM, PMP 1 mM, AA 1O-3-1O-5 M in a 
sample volume of 2.5 ml. 

RESULTS 

A total of more than 100 compounds of different 
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Table 3. Amounts of HPETES and HETEs generated in 
a donor/HRP/H,02-system depending on the chemical 
structure of added acid NSAIDs. For further details see 

legend to Table 1 

Substance 
Yield in 95 of AA 

X *SD 

Acetylsalicylic acid 
Benoxaprofen 
Carprofen 
Diclofenac 
Diflunisal 
Flufenamic acid 
Indometacin 
Mefenamic acid 
Naproxen 
Piroxicam 
Tiaprofenic acid 

- - 
- 

- 
- - 
24 3.2 
18 0.9 

- 
43 1.7 

- 
- - 
- - 

chemical origin was tested concerning their suit- 
ability for HRP-mediated activation, resulting in AA 
oxygenation. Discrepancies between our study and 
that of Baumann et al. [15] concerning the yields of 
reaction products in the case of some tested drugs 
were due to deviations in pH after alkaline solu- 
bilization procedures, which were not completely 
compensated in their study. For reasons of a better 
overview the (repeated) earlier data and our new 
results are jointly summarized in the tables. Blanks 
with omission of cosubstrates yielded only small 
amounts (2-S%) of fatty acid-derived products. The 
lack of either enzyme or H202 completely inhibited 
AA conversion. Comparison of the applied phenol 
derivatives led to the following findings (Table 1): 

(1) Benzene did not undergo peroxidase-mediated 
oxidation, phenol, however, was activated in our 
system. Esterification of the free hydroxyl group 
or transformation to an ether (e.g. anisole) 
abolished AA oxygenation. 

(2) A carboxylic function neighbouring the free 
hydroxyl group inhibited peroxidase-mediated 
activation of the phenol derivatives to reactive 
intermediates (e.g. salicylic acid). This was in 
contrast to the results obtained with m- and p- 
hydroxybenzoic acids. Dihydroxybenzoic acids, 
independent of their sterical structure, remained 
inactive in our system. 

(3) Whereas the peroxidase activated 2,6-dimethyl- 
phenol, the bulky substituents of 2,6-di-tert. 
butylphenol abolished AA oxygenation. 

(4) Increasing length of the side chain corresponded 
with enhanced potency of the phenol derivatives 
concerning AA oxygenation (p-cresol < p- 
ethylphenol < p-propylphenol). 

(5) M&-substitution resulted in a remarkably higher 
cooxidative potency of the mono-substituted 
phenol derivative than did o- and p-substitution 
(e.g. diphenols, acetaminophens, hydroxy- 
diphenyls). 

(6) Aminophenols, although being compounds of 
which radical formation during the action of per- 
oxidases is well documented [6, 191, did not cause 
AA oxygenation in our system (Table 1). This 

was, however, observed using their N-acetylated 
(acetaminophens) and O-ethylated (pheneti- 
dines) derivatives. Substitution of both the free 
hydroxyl group and the free amino group to 
a tertiary amine (acetophenetidines) completely 
inhibited fatty acid conversion. 

(7) The carcinogen, diethylstilbestrol, which can be 
regarded as phenol derivative with stilbenediol 
structure, also initiated AA oxygenation after 
being activated by HRP/H202. 

The aromatic amines and related compounds 
examined showed similar characteristics during co- 
oxidation reactions (Table 2). In addition, we found: 

(1) a free amino group enabled organic molecules 
to act as electron donors during HRP-mediated coox- 
idation of AA (e.g. aniline); 

(2) secondary amines increased the extent of AA 
oxygenation (e.g. N-methylaniline); 

(3) tertiary amines abolished fatty acid conversion 
in our system (e.g. N,N-dimethylaniline); 

(4) the carcinogen, benzidine, a primary diamine, 
was activated to yield AA oxygenation, whereas 
N, N, N’, N’-tetramethylbenzidine, a tertiary 
diamine, remained inactive. 

The acidic NSAIDs tested included single rep- 
resentatives possessing co-oxidative potency towards 
AA (Table 3). Flufenamic and mefenamic acid, both 
of which are anthranilic acid derivatives, served as 
electron donors during peroxidase-mediated reac- 
tions. Diflunisal, a salicylic acid derivative, also 
showed co-oxidative potency, whereas its parent 
compound remained inactive. To elucidate this dis- 
crepancy, C = 0 valence vibrations of both were 
compared using IR spectroscopy (spectra not 
shown). Salicylic acid presented C = 0 valence 
vibrations of a low wave number, indicating distinct 
hvdrogen bonding between the carboxvlic function < _ 
and the neighbouring hydroxyl group (vco = 
16.58 cm-‘). The same result was obtained with 5- 
acetamido:alicylic acid. Diflunisal, however, showed 
IR properties (vco = 1681 cm-‘) similar to p- 
hydroxybenzoic acid. In addition, C = 0 valence 
vibrations for 3,4-dihydroxybenzoic acid (proto- 
catechuic acid, vco = 1678 cm- ‘) and 3,5-dihydroxy- 
benzoic acid (vco = 1691 cm-‘) were determined, 
both of which were inactive in our system. 

Among the pyrazoline derivatives several NSAIDs 
proved to be potent cosubstrates for peroxidase- 
mediated AA oxygenation (Table 4). While phen- 
idone and PMP yielded highest amounts of co-oxi- 
dation products, antipyrine and 4-aminoantipyrine 
were inactive in our system. 

In order to obtain further evidence for the involve- 
ment of cosubstrate-derived radical intermediates in 
AA oxygenation, we used EPR spectroscopy. In the 
case of PMP, which showed excellent reactivity and 
to our knowledge was not yet studied using this 
technique, we were successful. PMP addition to the 
mixture produced a well resolved 1: 1: 1 three-line 
signal with a g-value of 2.0008 and a coupling con- 
stant of uN = 0.67 mT (Fig. 1). To confirm the elec- 
trochemical structure of the radical we made 
experiments in enzyme-free systems under proton- 
ating, dehydrating and neutral conditions. Only the 
oxidation of PMP by potassium hexocyanoferrate 
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Table 4. Amounts of HPETEs and HETEs generated in a donor/HRP/H,O,-system depending 
on the chemical structure of added l-phenyl pyrazoline derivatives. For further details see 

legend to Table 1 

Substance 
Yield in % of AA 
X -+SD 

Structure 

Phenidone 82 10.7 

1-Phenyl-3-methyl-2- 
pyrazolone (5) 

83 11.4 

Antipyrine - - 

4-Aminoantipyrine - - 

Aminopyrine 17 1.8 

Phenylbutazone 68 9.0 

Oxyphenbutazone 84 12.4 

Sulfinpyrazone 

BW 755 C 24 3.9 

2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
2: 
3: 
4: 
5: 
1: 
2: 
3: 
4: 
5: 

=:: 
HZ 
H2 

Cl-? 
l-i 

=o 
CH3 
CH, 

=:: 
CH3 
CH3 

NH2 
=o 

CH3 

N(C$ 
=o 

C,Hs 
ONa 

(CHrkCH3 
=o 

Cd&OH 

WH2)3$ 

=o 

GHH, 
=o 

(CH2)2SOCJb 

=o 

WWF3 

H 
NHz 

H 
H2 

resulted in a spectrum, which was identical to that 
obtained by HRP/H20z with g = 2.0045 and UN = 

decreasing amounts shortened the lag period. These 
findings were interpreted as inhibitory effects of high 

0.67 mT (spectrum not shown). These data indicate peroxide levels on the enzyme. Comparison of the 
that the radical from PMP is a neutral aminyl radical. particular kinetic of the PMP radical, ascertained 
Time-dependent recording with a constant magnetic by EPR-spectroscopy, with time-dependent oxygen 
field setting (338.96 mT) resulted in a specific radical uptake in a system containing HRP, H202, PMP 
kinetic (Fig. 2), which gave us the possibility to prove and AA revealed corresponding results (Fig. 3): 
its causative action in AA oxygenation. Following a depending on the molarity of added HrO, to the 
resting state of about 2 min, during which no signal reaction sample, the onset of oxygen uptake also 
was observed, the radical formed rapidly and followed a certain lag period, during which no oxygen 
decayed with a half-life of about 1.75 min. Absence consumption was detectable and which increased 
of either enzyme, H202 or cosubstrate, as well as with higher Hz02 concentration. A cosubstrate 
the use of heat-denatured enzyme did not produce hydroperoxide ratio of 0.5 proved to result in maxi- 
any radical signal. The lag period preceding radical mal oxygen uptake at a fixed AA concentration of 
formation appeared to be dependent on Hz02 con- 400 PM, H,Oz concentrations of lower than 200 PM 
centration at constant temperature conditions: or above 10 mM abolished oxygen consumption with 
increasing amounts of peroxides lengthened and PMP kept at 1 mM. Omission of either PMP or AA 
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333.96 mT / 

Fig. 1. EPR spectrum of the radical generated from P&Z’ 
by HRP and H$&. Concentrations in a total sample volume 
of 300 ~1: HRP 4 ,ug, I-i& 1.2 mM, PMP 1 mM in 0.05 M 
phosphate buffer, pH 8, coupling constant nN = 0.67 mT, 
g-value = 2.0008. Instrumental settings: Temperature 298 
“K, microwave power 0.63 mW, modulation amplitude 
0.1 mT, receiver gain 1.6 X lO+, time constant 0.2 s, scan 

range 10 mT, scan time 500 sec. 

did not lead to any measurable reaction by using this 
method. 

It has to be mentioned that fundamentaf exper- 
imental differences exist between the two methods 
using EPR-spectroscopy and the Clark oxygen elec- 
trode (e.g. absence of oxygen in the first, oxygen- 
enriched and rapidly stirred solutions in the latter 
case), which can account for discrepancies found for 
the lag periods, measured under otherwise com- 
parable conditions. Nevertheless, our results support 
the postulated radical mechanism, in which first the 
neutral PMP radical reacts with AA, prior to oxygen 
uptake. The PMP radical itself does not react with 
molecular oxygen in a measurabfe amount so that 
the formation of a PMP peroxyradical as triggering 
mechanism for AA conversion can be excluded. 

The oxygenated products were separated from 
the fatty acid precursor by TLC. Depending on the 
cosubstrate added, large amounts of rad~olabelled 
compounds were formed, which were more hydro- 
philic than AA and whose major portion cochro- 
matographed with 1%HPETE and 15NETE. TO 
exclude adduct formation between AA and the 
cosubstrate, fluorescence i~~cator-imprecated sif- 
ica gel plates were used to facilitate the detection of 
aromatic structures. In no case did the fluorescence- 
quenched areas representing the cosubstrate or its 
oxidized derivatives comigrate with the radiolabelled 
zones detected by the TLC-scanner. After detection, 
the radiolabelled products were scraped off and their 
UV spectra recorded in aqueous solution. Com- 
parison with spectra derived from the pure cosub- 
strates revealed no similarities, indicating that no 
adduct-formation took place. 

Further separation of positional isomers (e.g. S-, 
8-, 9-, ll-, 12 and 15-HETE), which do not differ 
concerning their relative Qvalues in our system, was 
recently carried out by Just [20] by two-dimensional 

loo 200 300 400 

Fig. 2. Kinetics of the radical generated from PMP by HRP 
and HzOz. Concentrations and instrumental settings were 

as in Fig. 1. Field frequency was locked at 338.96 mT. 

TLC and reversed-phase HPLC. He also used HRP/ 
H202 as enzymatic source for cosubstrate-triggered 
AA oxygenation and, in the cases of p-cresol, mefen- 
amic acid, paracetamol, phenylbutazone and PMP 
as cosubstratesl he found a mixture of all possibte 
hydroxyeicosatetraenoic acids, among them 5- and 
1%HETE. 

DISCUSSION 

The hydroperoxide-supported generation of sub- 
strate-derived free radical intermediates by HRP has 
been studied in detail. It has been shown that the 
reaction proceeds via a stepwise mechanism, during 
which two molecules of cosubstrate (XH) are oxid- 
ized per molecule hydroperoxide (ROOH) [Zl]. 
Referring to the following scheme [Eqns (l)-(3)], 
compound I represents the two-, compound II the 
one-etectron oxidation state of the enzyme: 

HRP + ROOH-+comp. I I- ROW 
comp.1 +XH -+ camp. II i- X* I:; 
camp. II + XH -+ HRP + H202 f X* (3) 

During the action of PEIS, enzyme species were 
detected showing similar spectral properties with 
compound I and II of HRP, suggesting the same 
electron transfer mechanism via ferryl-oxo-com- 
plexes during cooxidation reactions [22]. It has been 
described that different types of radicals are gen- 
erated by peroxidases, which can be carbon- 
centered, as in the case of phenylbutazone ]23], 
oxygen-centered as the phenoxy radical of 
acetaminophen [S], sulfur-centered tike the thiyl rad- 
icals derived from glutathione [24] or nitrogen-cen- 
tered as it occurs in the case of the aminopyrine 
cation radical (81. Our experiments using PMP as 
cosubstrate for HRP/H& demonstrate the for- 
mation of a neutral aminyt radical, which has not yet 
been described. Expe~mental data concerning redox 
potentials of the one-electron oxidation steps to the 
radical states of organic molecules are hardly avail- 
able and subsequent reactions of these radicals dif- 
ticult to foresee: a wide variety of possible actions is 
described, among them disproportionation, di- and 
polymerization, formation of charge-transfer-com- 
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Fig. 3. Time curves of oxygen consumption. The total 
sample volume of 2 ml contained: HRP (7Opg), AA 
(4OOpM), PMP (1 mM), and different concentrations of 
Hz02 (A: no Hz02, B: 250pM, C: 5OOpM, D: 1 mM, E: 

2 mM, F: 4 mM, G: 10 mM). 

plexes, adduct formation with macromolecules like 
proteins or DNA and with glutathione and other 
radical-chain reaction cascades. Our experiments 
dealing with the peroxidation of 20 : 4 unsaturated 
fatty acid triggered by enzymatically formed organic 
radicals, revealed some structural requirements for 
the reactivity of those species towards AA: regarding 
the tested phenol- and anilin-derivatives, an easily 
oxidizable group bound to the aromatic system 
proved to be essential (non-substituted benzene was 
inactive). 

Additional substituents considerably altered the 
oxidative potency of the tested compound towards 
AA. Electrochemical interactions (e.g. hydrogen 
bonding) between the free hydroxyl groups and 
neighbouring substituents prevented peroxidase- 
mediated drug activation. This proved to be the case 
with salicylic acid in IR spectroscopic studies. Steric 
hindrance by bulky substituents had similar effects. 

Neither cosubstrates known to generate long-liv- 
ing radicals such as 2,6-di-tert. butylphenol, nor 
chemicals generating extremely short-living radicals 
(like the aminophenols) yielded fatty acid conversion 
worth mentioning. The exceptional position of the 
m-substituted phenol derivatives and aromatic 
amines must be interpreted in an analogous manner. 
While the semiquinone radicals of the o- and p- 
dihydroxybenzene ( pyrocatechol, hydroquinone) 
spontaneously disproportionate into corresponding 
diphenols and quinones, this reaction pathway is not 
possible for the m-semiquinone radical. Hence, we 
concluded that, in our system, the radical inter- 
mediate (and not the quinone) causes AA oxy- 
genation. Differences concerning the efficacy of the 
tested position isomers should be due to the prop- 
erties of the corresponding radicals. They might 
either be caused by a higher reactivity of the m- 
substituted radical or by an earlier radical chain 
break-off in the case of the o- and p-substituted 
radicals. 

Whereas these findings only indicate that most 

XH 

AA-OCtllHt’ETEl 

Fig. 4. Hypothetical mechanism for AA oxygenation 
caused by free radical intermediates generated from suit- 
able cosubstrates in a peroxidase/H,O,-containing system. 
AA* = AA radical; AA-00’ = AA peroxy radical; E = 
native enzyme; ECp’ = peroxidase compound I; ECpir =per- 
oxidase compound II; XI-I = cosubstrates; X* = co- 

substrate-derived free radical. 

probably cosubstrate-derived radicals are respon- 
sible for the observed fatty acid oxygenation, evi- 
dence for this hypothesis was found only in the case 
of PMP. Although the specific kinetic of the aminyl 
radical has not yet been sufficiently clarified, it seems 
to be a promising model to study the effects of 
peroxidase-mediated drug-derived radicals on bio- 
logical structures without being obliged to use exten- 
sive experimental efforts such as fast-flow EPR- 
techniques. Further experiments on this field will 
follow. Our results support the conception of Bau- 
mann et al. [ 151, who suggested a radical chain reac- 
tion cascade, during which the free radical reacts 
with the fatty acid under hydrogen abstraction (Fig. 
4), while slightly correcting some of their results. 
The following steps are supposed to imitate a classical 
lipoxygenase reaction. This includes the formation 
of a peroxy radical with triplet oxygen, electron 
shift generating a conjugated diene and simultaneous 
hydration to the hydroperoxide, whereby another 
cosubstrate-derived radical is produced. 

Products of AA oxygenation, mediated by per- 
oxidases in the presence of suitable drugs, were 
found to be HPETEs and HETEs, among them the 
biologically highly active 5- and 15isomers. These 
findings, which have in the meantime been supported 
by Just [20], are in accordance with Fridovich and 
Porter [25], who identified 5- and 15-HPETE besides 
lower amounts of 8-, 9-, ll- and 1Zisomers after 
incubating AA in a hydroxyl radical-generating sys- 
tem. Bosterling and Trudell[26] also described pref- 
erential formation of 5- and 15-HPETE from AA 
caused by physically generated halothan radicals in 
vitro. 

The anti-inflammatory effects of some of the drugs 
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tested (known as NSAIDs) and the suggested eico- 
sanoid formation after their enzymatic activation 
seem to be contradictory and explanations are dif- 
ficult to provide. In addition, the plant-derived origin 
of the model enzyme HRP limits possible conclusions 
concerning the physiological relevance of our results. 
On the other hand, preliminary studies dealing with 
lactoperoxidase, myeloperoxidase and PHS revealed 
similar findings suggesting this mechanism to play a 
role in mammalian tissue. Intensive further studies 
on this field remain to be made. Peroxidase-mediated 
drug activation resulting in the formation of potent 
eicosanoids from AA may serve as one reason for 
otherwise inexplicable side-effects of those drugs, 
possibly including the well-known allergizing 
potency of substances containing the so-called para- 
groups. 
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