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The ESR spin-trapping technique was employed to investigate

the reaction of rabbit cytochrome P-450 1A2 (P450) with linoleic

acid hydroperoxide. This system was compared with chemical

systems where FeSO
%

or FeCl
$

was used in place of P450. The

spin trap 5,5«-dimethyl-1-pyrroline N-oxide (DMPO) was em-

ployed to detect and identify radical species. The DMPO adducts

of hydroxyl, O
#

−d, peroxyl, methyl and acyl radicals were detected

in the P450 system. The reaction did not require NADPH–

cytochrome P-450 reductase or NADPH. The same DMPO–

INTRODUCTION

Lipid hydroperoxides are derived from the oxidation of poly-

unsaturated fatty acids. The decomposition of lipid hydro-

peroxides has been studied over several years because, in bio-

logical systems, lipid-derived free radicals are known to cause

damage to biomembranes, proteins and other biomolecules [1–3].

Fatty acid hydroperoxides are known for their ability to bleach

cytochrome P-450; in other words, they destroy the haem group

of this haemoprotein [4,5]. Free radicals are also involved in

these reactions [6–9].

In a widely accepted breakdown mechanism, one-electron

reduction of fatty acid hydroperoxide produces alkoxyl radicals

[3,10–12]. It has been proposed that these alkoxyl radicals cyclize

to their adjacent double bonds, forming epoxy allyl carbon-

centred free radicals. The carbon-centred radicals react with O
#
,

forming peroxyl radicals [12,13]. These carbon-centred radicals

have been described in the decomposition of lipid hydroperoxide

catalysed by haematin, ram seminal vesicles [11] and lipoxygenase

[12,14,15].

The first studies that provided evidence for alkoxyl radical

intermediates from fatty acid hydroperoxides were based on

product analysis [10,14,16]. 5,5«-Dimethyl-1-pyrroline N-oxide

(DMPO)–alkoxyl and –acyl radical adducts have been detected

after toluene extraction [17]. The spin trapping of secondary

alkoxyl radicals in aqueous systems has proven difficult, ap-

parently because of their rapid cyclization. However, product

analysis and spin-trapping investigations have demonstrated

that fatty acid alkoxyl radicals undergo intramolecular epoxi-

dation [10,14,15,18], β-scission [15,18,19] and intermolecular

reactions [20].

Linoleic acid is one of the most abundant polyunsaturated

fatty acids in biological membranes [21]. For this reason the

study of 13-hydroperoxide octadecadienoic acid (13-HPODE),

one of the two hydroperoxides derived from oxidation of this

fatty acid, is of interest. In the present study we have investigated

the mechanism of 13-HPODE degradation by cytochrome P-450

Abbreviations used: P450, cytochrome P-450 1A2; DFO, deferoxamine mesylate ; 13-HPODE, linoleic acid hydroperoxide; SOD, superoxide
dismutase ; DMPO, 5,5«-dimethyl-1-pyrroline N-oxide.
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radical adducts were detected in the FeSO
%

system. Only

DMPO–dOH radical adduct and carbon-centred radical adducts

were detected in the FeCl
$

system. Peroxyl radical production

was completely O
#
-dependent. We propose that polyunsaturated

fatty acids are initially reduced to form alkoxyl radicals,

which then undergo intramolecular rearrangement to form

epoxyalkyl radicals. Each epoxyalkyl radical reacts with O
#
,

forming a peroxyl radical. Subsequent unimolecular decompo-

sition of this peroxyl radical eliminates O
#

−d radical.

1A2 (P450) and have compared it with chemical systems in which

free radicals were produced from the breakdown of 13-HPODE

by Fe$+ or Fe#+ ions.

There has been disagreement as to how the peroxide O–O

bond is cleaved by the P450, i.e. heterolytically or homolytically

[22–27]. Recently, Barr et al. [28] demonstrated that P450

produces radicals from cumene hydroperoxide via the homolytic

mechanism. In this study we have investigated the reaction of

P450 with 13-HPODE with the purpose of clarifying the mech-

anism of radical production and characterizing the structures

of fatty acid hydroperoxide-derived free radicals.

MATERIALS AND METHODS

Chemicals

P450 was purified from rabbit hepatic microsomes (5,6-benzo-

flavone-treated rabbits) [29,30]. Soya-bean lipoxidase type IV

(450000 units}mg of protein), linoleic acid sodium salt and

deferoxamine mesylate (DFO) were purchased from Sigma (St.

Louis, MO, U.S.A.). DMPO was purchased from Aldrich

(Milwaukee, WI, U.S.A.) ; it was vacuum-distilled twice at room

temperature. Glucose oxidase (250 units}mg), catalase (65000

units}mg) and superoxide dismutase (SOD; 5000 units}mg) were

obtained from Boehringer-Mannheim (Indianapolis, IN,

U.S.A.). All reagents and buffers were prepared in deionized

water and treated with Chelex 100 (Bio-Rad, Hercules, CA,

U.S.A.).

ESR spin-trapping experiments

The ESR spectra were recorded using a Bruker ECS-106 spec-

trometer operating at 9±77 GHz with a modulation frequency of

50 kHz and TM
""!

cavity. The reactions were initiated by the

addition of P450 or iron. For the experiments shown in Figure 6,

glucose (20 mM) and glucose oxidase (143 µg}ml) were added to

the reaction mixture 2 min before the addition of FeSO
%

to

produce anaerobic conditions; catalase (50 µg}ml) was also
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added. The reactions were all performed inChelex-treated 50 mM

phosphate buffer, pH 7±4; when required, 50 µM DFO was

added to inhibit possible reactions catalysed from traces of

metals. Since light may enhance the breakdown of 13-HPODE,

all experiments were performed in the dark.

Computer simulation

Computer simulations were performed using a program that

is available to the public through the Internet (HTTP:

}}lmb.niehs.nih.gov}LBM}). The details of this program have

been described elsewhere [31].

Synthesis of 13-HPODE

13-HPODE was prepared by the method of Gardner [32] with

the following modifications : use of 2 mM linoleic acid sodium

salt as substrate and soya-bean lipoxidase type IV (5 mg). The

reaction was performed in 100 ml of Chelex-treated 100 mM

borate buffer, pH 9, with the addition of 50 µM DFO (60 min on

ice under oxygen, with constant stirring). The reaction mixture

was extracted with 2 vol. of ethyl acetate, and the lipid layer

washed twice with 1 vol. of water. Reverse-phase semi-pre-

parative HPLC was used to purify the 13-HPODE. The method

used was a modification of the method of Henke et al. [33].

Separation of 13-HPODE from unchanged metabolites was

obtained by elution with a mobile phase that consisted of 75

parts of methanol, 25 parts of water and 0±01 part of acetic acid

by volume; flow rate was 5±8 ml}min. Concentration of 13-

HPODE and elimination of water were achieved by forming an

Figure 1 Time course of P450 destruction induced by 13-HPODE

P450 was diluted to 3 µM with 50 mM phosphate buffer, pH 7±4, containing 30% glycerol.

Spectra were recorded every 40 s for a total of five scans. After recording of the initial spectrum

(see also ref. [30]), 600 µM 13-HPODE was added directly to the sample cuvette. Spectra were

recorded versus the same buffer as reference for the initial spectrum, and against a 600 µM

13-HPODE solution for the following scans.

azeotrope with acetonitrile. Purified 13-HPODE was stored at

®70 °C in 300 µl aliquots. The concentration was estimated

at A
#$%

using an absorption coefficient of 25±6 cm−"[mM−" [34].

P450 destruction

Destruction of P450 by 13-HPODE was monitored spectro-

photometrically as the decrease in A
%")

. Spectra were recorded on

an Aminco DW-2000 spectrophotometer equipped with a double

beam.

RESULTS

The ferric form of purified rabbit P450 exists primarily in the

low-spin configuration with a maximum absorbance in the Soret

Figure 2 Computer simulation and deconvolution of ESR spectrum obtained
from the reaction mixture containing P450, 13-HPODE and DMPO

A is the computer simulation (dashed line) superimposed on the experimental spectrum

obtained using 3 µM P450, 1±2 mM 13-HPODE, 50 µM DFO and 300 mM DMPO. B–G are

the individual simulations of each species in the composite spectrum. The hyperfine coupling

constants of each species are provided in the text. B is the simulated spectrum for DMPO–dOH
(line width, 0±56 G ; line shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±21). C is the

simulated spectrum for DMPO–dOOR (line width, 0±53 G ; line shape, 0% Lorentzian, 100%

Gaussian ; mol ratio, 0±06). D is the simulated spectrum for DMPO–dOOH (line width, 0±58 G ;

line shape, 44% Lorentzian, 56% Gaussian ; mol ratio, 0±30). E is the simulated spectrum for

DMPO–dR (line width, 1±31 G ; line shape, 56% Lorentzian, 44% Gaussian ; mol ratio, 0±26).
F is the simulated spectrum for DMPO–dC(O)R (line width, 0±51 G ; line shape, 33% Lorentzian,

67% Gaussian ; mol ratio, 0±10). G is the simulated spectrum for the ring-opened DMPOd radical
(line width, 0±84 G ; line shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±07). Spectrometer

conditions were : modulation amplitude, 0±5 G ; microwave power, 20 mW; time constant,

0±164 s ; scan time, 168 s ; scan range, 80 G receiver gain, 4¬105. 1G¯ 10−4T.
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Figure 3 ESR spectra of DMPO–radical adducts produced by the reaction
of P450 and 13-HPODE

A is the ESR spectrum obtained from a reaction mixture containing 3 µM P450, 1±2 mM 13-

HPODE, 50 µM DFO and 300 mM DMPO (the same spectrum as Figure 2A). B is the spectrum

obtained using the conditions of spectrum A except P450 was omitted. C is the spectrum

of the complete system with the addition of SOD (50 µg/ml). D is the spectrum obtained

using the conditions of spectrum C but with the omission of P450. E is the spectrum

obtained using buffer and DMPO alone.

region at 418 nm [30]. 13-HPODE is known to bleach P450

absorption at 418 nm [4,5,7]. We have repeated this degradation

of the P450 by 13-HPODE. After recording the absolute ab-

sorption spectrum of a solution of P450, 13-HPODE was added

directly to the cuvette ; A
%")

gradually decreased, reaching a

minimum 120 s after the addition of 13-HPODE (Figure 1).

The ESR spin-trapping technique was employed to investigate

free-radical production during the reaction between P450 and

13-HPODE. When 13-HPODE was incubated with P450 under

aerobic conditions in the presence of DMPO and DFO, a

mixture of six radical adducts was detected (Figure 2). The

computer simulation used to obtain the hyperfine coupling

constants was superimposed on the experimental spectrum

(Figure 2, spectrum A). On the basis of the hyperfine coupling

constants, the radical adducts were assigned as follows: DMPO–

dOH (aN ¯ 14±96 G and aH
β ¯ 14±72 G), DMPO–dOOH (aN ¯

14±11 G, aH
β ¯ 11±34 G, and aH

γ ¯ 1±22 G), DMPO–dOOR

(aN ¯ 14±21 G, aH
β ¯ 10±54 G, and aH

γ ¯ 1±41 G), DMPO–dR
(aN ¯ 16±01 G and aH

β ¯ 23±07 G), DMPO–dC(O)R (aN ¯
15±31 G and aH

β ¯ 18±64 G), and one radical species probably

derived from the opening of the DMPO ring (aN ¯ 16±02 G and

Figure 4 Computer simulation and deconvolution of the ESR spectrum
obtained from the reaction mixture containing FeSO4, 13-HPODE and DMPO

A is the computer simulation (dashed line) superimposed on the experimental spectrum

obtained using 1 mM FeSO4, 1±2 mM 13-HPODE and 600 mM DMPO. B–G are the individual

simulations of each species in the composite spectrum. The hyperfine values of each species

are provided in the text. B is the simulated spectrum for DMPO–dOH (line width, 0±52 G ; line

shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±16). C is the simulated spectrum for

DMPO–dOOR (line width, 0±54 G ; line shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±04).
D is the simulated spectrum for DMPO–dOOH (line width, 0±68 G ; line shape, 68% Lorentzian,

32% Gaussian ; mol ratio, 0±16). E is the simulated spectrum for DMPO–dR (line width, 0±96 G ;

line shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±39). F is the simulated spectrum for

DMPO–dC(O)R (line width, 0±50 G ; line shape, 30% Lorentzian, 70% Gaussian ; mol ratio,

0±21). G is the simulated spectrum for the ring-opened DMPOd radical (line width, 0±76 G ; line

shape, 53% Lorentzian, 47% Gaussian ; mol ratio, 0±04). H is the spectrum obtained using

the conditions of spectrum A with omission of 13-HPODE. I is the spectrum obtained using the

conditions of spectrum A with omission of FeSO4, and addition of 50 µM DFO. Spectrometer

conditions were as described in Figure 2. 1 G¯ 10−4 T.

aH
β ¯ 1±94 G); this spin-trap decomposition product is similar to

one previously detected [35]. The hyperfine coupling constants

were consistent with previously reported values for these adducts

[36–39]. When P450 was omitted, only a weak ESR signal was

detected (Figure 3, spectrum B). This spectrum was mainly that

of DMPO–dOH, which is obtained from DMPO alone (Figure 3,

spectrum E). This result demonstrated that the detected radical

adducts came from the reaction of P450 with 13-HPODE, and

not from 13-HPODE itself. SOD (50 µg}ml) only inhibited the



568 C. Rota and others

Figure 5 Computer simulation and deconvolution of the ESR spectrum
obtained from the reaction mixture containing FeCl3, 13-HPODE and DMPO

A is the computer simulation (dashed line) superimposed on the experimental spectrum

obtained using 1 mM FeCl3, 1±2 mM 13-HPODE and 600 mM DMPO. B–D are the individual

simulations of each species in the composite spectrum. The hyperfine coupling constants of

each species are provided in the text. B is the simulated spectrum for DMPO–dR (line width,

0±85 G ; line shape, 48% Lorentzian, 52% Gaussian ; mol ratio, 0±22). C is the simulated

spectrum for DMPO–dC(O)R (line width, 0±50 G ; line shape, 27% Lorentzian, 73% Gaussian ;

mol ratio, 0±11). D is the simulated spectrum for DMPO–dOH (line width, 0±54 G ; line shape,

0% Lorentzian, 100% Gaussian ; mol ratio, 0±67). E is the spectrum obtained using

the conditions of spectrum A with omission of 13-HPODE. F is the spectrum obtained using the

conditions of spectrum A with omission of FeCl3 and addition of 50 µM DFO. Spectrometer

conditions were as described in Figure 2. 1 G¯ 10−4 T.

formation of the DMPO–O
#

−d radical adduct. The resulting ESR

spectrum still contained the spectroscopically similar peroxyl

radical adduct (see asterisks in Figure 3, spectrum C). This

radical adduct had hyperfine coupling constants of aN ¯ 14±20 G,

aH
β ¯ 10±65 G and aH

γ ¯ 1±40 G, which are consistent with pre-

viously reported values for the peroxyl radical adduct [36]. The

same spectrum was recorded when SOD (100 µg}ml) was added

(results not shown).

We detected the same radical species using FeSO
%

instead of

P450. The computer simulation used to obtain the hyperfine

coupling constants gave an excellent fit to the experimental

spectrum (Figure 4, spectrum A). On the basis of the hyperfine

coupling constants, the radical adducts were assigned as follows:

DMPO–dOH (aN ¯ 14±92 G and aH
β ¯ 14±73 G), DMPO–dOOH

(aN ¯ 14±16 G, aH
β ¯ 11±15 G, and aH

γ ¯ 1±24 G), DMPO–dOOR

Figure 6 computer simulation and deconvolution of the ESR spectrum
obtained from the reaction of FeSO4 with 13-HPODE under anaerobic
conditions

A is the computer simulation (dashed line) superimposed on the experimental spectrum

obtained from a reaction mixture containing 1 mM FeSO4, 1±2 mM 13-HPODE, 600 mM DMPO,

20 mM glucose, 143 µg/ml glucose oxidase and 50 µg/ml catalase. B–C are the individual

simulations of each species in the composite spectrum. The hyperfine coupling constants of

each species are provided in the text. B is the simulated spectrum for DMPO–dR (line width,

0±97 G ; line shape, 0% Lorentzian, 100% Gaussian ; mol ratio, 0±83). C is the simulated

spectrum for DMPO–dC(O)R (line width, 0±89 G ; line shape, 100% Lorentzian, 0% Gaussian ;

mol ratio, 0±17). D is the spectrum obtained using the conditions of spectrum A with omission

of 13-HPODE. E is the spectrum obtained using the conditions of spectrum A with

omission of FeSO4 and addition of 50 µM DFO. Spectrometer conditions were as described in

Figure 2. 1 G¯ 10−4 T.

(aN ¯ 14±02 G, aH
β ¯ 10±65 G, and aH

γ ¯ 1±39 G), DMPO–dR (aN

¯ 16±09 G and aH
β ¯ 23±40 G), DMPO–dC(O)R (aN ¯ 15±31 G

and aH
β ¯ 18±71 G) and ring-opened DMPO radical (aN ¯

15±44 G and aH
β ¯ 1±79 G). The hyperfine values were consistent

with previously reported values for these adducts [36,37,40]. The

addition of SOD (100 µg}ml) to the FeSO
%
system resulted in a

spectrum inwhich the peroxyl radical adductwas clearly apparent

(results not shown). The addition of DFO, a well-known Fe$+-

chelating agent, had effect only on the DMPO–dOH radical

adduct, which became weaker (results not shown). This demon-

strated that, in part, this radical came from Fe$+ ions.

DMPO–dOH production is known to occur through the Fe$+-

catalysed nucleophilic addition of water [41,42].

13-HPODE was also allowed to react with FeCl
$
. In this

system we detected DMPO–hydroxyl radical and carbon-centred
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Table 1 Hyperfine coupling constants of DMPO radical adducts (Figures 2–6)

Hyperfine coupling constants (G)

P450 system FeSO4 system FeCl3 system Literature values

Radicals aN aH
β aH

γ aN aH
β aH

γ aN aH
β aN aH

β Reference

O2
−d 14±11 11±34 1±22 14±16 11±15 1±24 14±18 11±31 [38]

14±20 11±10 [40]

dOOR 14±21 10±54 1±41 14±02 10±65 1±39 14±20 10±64 [36]

dR 16±01 23±07 16±09 23±40 15±86 22±97 16±20 23±39 [36]

15±90 23±00 [39]

dC(O)R 15±31 18±64 15±31 18±71 15±28 18±69 15±36 18±78 [36]

dOH 14±96 14±72 14±92 14±73 14±97 14±58 14±99 14±58 [37]

radicals. The computer simulation used to obtain the hyperfine

coupling constants was superimposed on the experimental spec-

trum (Figure 5, spectrum A). On the basis of the hyperfine

coupling constants, the radical adducts were assigned as follows:

DMPO–dOH (aN ¯ 14±97 G and aH
β ¯ 14±58 G), DMPO–dR (aN

¯ 15±86 G and aH
β ¯ 22±97 G), and DMPO–dC(O)R (aN ¯

15±28 G and aH
β ¯ 18±69 G). The hyperfine coupling constants

were consistent with previously reported values for these adducts

[36,37,39]. The addition of DFO to the system had no effect on

radical adduct production (results not shown).

SOD had no effect on the DMPO–hydroxyl radical adduct in

the FeCl
$
system (results not shown). The addition of catalase or

glucose had no effect on the P450 or FeSO
%

systems. The

addition of catalase to the FeCl
$

system had a weak inhibitory

effect on dOH production (results not shown).

To obtain strict anaerobic conditions, we added glucose and

glucose oxidase to the systems. To avoid possible effects from

H
#
O

#
production, a small amount of catalase was also added.

Under these conditions, we did not detect any peroxyl or O
#

−d
radical adducts. In the anaerobic P450 system, we detected only

a weak spectrum of one radical species (results not shown). On

the basis of the hyperfine coupling constants, the radical adduct

was assigned as DMPO–dR (aN ¯ 16±18 G and aH
β ¯ 23±31). In

the FeSO
%

system, two carbon-centred radical adducts were

detected as shown in Figure 6. We assigned these radical adducts

as DMPO–dR (aN ¯ 16±10 G and aH
β ¯ 23±91 G) and DMPO–

dC(O)R (aN ¯ 15±29 G and aH
β ¯ 18±71 G). The hyperfine coup-

ling constants were consistent with previously published values

for these adducts [36,43]. The addition of DFO to the system has

some inhibitory effect on the acyl radical adduct (results not

shown). A summary of the hyperfine coupling constant values

for the DMPO–radical adducts is provided in Table 1.

DISCUSSION

Sufficient evidence has been reported to support the idea that

P450 can catalyse both homolytic and heterolytic peroxide bond

cleavage [44–47]. The conclusion of these studies was that the

ratio of heterolytic to homolytic cleavage depends on the P450

enzyme used. The heterolytic cleavage of the peroxide O–O bond

involved formation of peroxyl radicals that is completely in-

dependent of O
#

as shown below.

P450-Fe(III)ROOH !
Heterolytic

P450d+(FeIV FO)ROH (1)

P450d+(FeIV FO)ROOH!P450 (FeIV FO)ROOd (2)

In the homolytic cleavage, the first radical produced is an alkoxyl

radical (reaction 3)

P450-Fe(III)ROOH !
Homolytic

P450 (FeIV FO)ROdH+ (3)

The mechanism of peroxyl radical production can be indirect

ROd !
β-scission

RdR FO (4)

RdO
#
!ROOd (5)

or by direct oxidation of the hydroperoxide by Fe$+ ion or P450.

Fe(III)ROOH!Fe(II)ROOd (6)

In the FeCl
$
system we have detected only hydroxyl radical and

very weak carbon-centred radicals. We have not found evidence

for the production of the peroxyl radical that would be formed

in reaction 6. Presumably FeSO
%

catalysed only the homolytic

cleavage of the hydroperoxide as shown below.

Fe(II)ROOH!Fe(III)ROd−OH (7)

The production of peroxyl radicals may follow the mechanism

illustrated in reactions 4–5. Since, in our systems, the production

of peroxyl radicals disappeared completely in the absence of O
#
,

and because we have detected the same radical species on

reaction of 13-HPODE with P450 or FeSO
%
, we can conclude

that P450, in this case, catalysed the reductive homolytic cleavage

of the O–O bond of the lipid hydroperoxide. It should be

noted that the hyperfine coupling constants for DMPO–primary

alkoxyl radical adducts are similar to those of DMPO–peroxyl

adducts [42]. Thus the adduct we are assigning to the

peroxyl radical adduct might be an alkoxyl adduct. In either

case, the radical adduct would be derived from a peroxyl radical

formed from molecular O
#
and would not change our mechanistic

conclusions.

Our results demonstrate that O
#

−d, hydroxyl, peroxyl and

carbon-centred DMPO–radical adducts were produced in both

the P450 and the FeSO
%

systems. The addition of DFO to

samples where no catalyst was added had a remarkable effect. In

the presence of DFO, we detected only a very weak signal

(Figure 4, spectrum I and Figure 5, spectrum F). In the absence

of the chelating agent, the spectrum was stronger. This effect was

more evident under anaerobic conditions (results not shown).
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Scheme 1 Proposed mechanism for P450-catalysed metabolism of 13-HPODE

This means that, with the relatively high concentration of spin

trap used in this study, we have detected radicals that arise from

the reaction of 13-HPODE with contaminating Fe$+ ions. This

reaction was of great importance in the control systems, but did

not show a significant effect in the systems where the catalyst was

added.

Some of the carbon-centred radicals detected in our system

were recently detected in a system in which linoleic acid was

allowed to react with lipoxidase in the presence of the spin trap

α-(4-pyridyl-1-oxide)-N-t-butylnitrone. The radical species were

identified using combined HPLC}ESR and tandem mass spec-

troscopy [15].

We propose the following reaction mechanism to explain our

results. The one-electron reductive homolytic decomposition of

the lipid hydroperoxide by P450 results in the formation of

alkoxyl radicals (Scheme 1) [36,48]. Epoxy allylic radicals

are formed by intramolecular rearrangement of fatty acid

alkoxyl radicals (Scheme 1, reaction II) [10–12]. β-Scission of the

alkoxyl radical (Scheme 1, reaction I) generates aldehyde and

alkyl radical (e.g. n-pentyl radical) [19,20]. Immediate hydrogen

abstraction from aldehyde by the concomitantly generated n-

pentyl radical could then yield an acyl radical and pentane [17].

The reactive fatty acid alkoxyl radical undergoes an apparent

hydrogen transfer that forms a hydroxyalkyl radical (Scheme 1,

reaction IV) [49]. Under aerobic conditions, molecular O
#

adds

to this radical to form a peroxyl radical [36].

The detected peroxyl radical could come either from the

reaction of O
#

with the pentyl radical product of the β-scission

pathway or the hydroxyalkyl radical derived from hydrogen

transfer. Unfortunately no spectral distinction among the various

types of DMPO–peroxyl radical adducts exists. Either case is

consistent with our mechanistic conclusion (see Scheme 1).

The hydroxyalkyl peroxyl radical forms a cyclic five-membered

transition state which eliminates O
#

−d radical, forming an oxo

fatty acid (13-oxo-octadecadienoic acid). 13-Oxo-octadecadi-

enoic acid could also be formed by direct oxidation of the

corresponding alkoxyl radical (Scheme 1, reaction III) [50]. O
#

−d
production via this chemistry has been reported [51,52]. This

work suggests the possibility that O
#

−d and other free radicals

could be formed from fatty acid hydroperoxides in biological

systems by P450. Fatty acid alkoxyl radicals are considered too

reactive to diffuse a significant distance from the site of generation

[53]. O
#

−d may diffuse further than the alkoxyl radical. Protonated

O
#

−d reacts with fatty acids, propagating lipid peroxidation [54].

Also, peroxyl radical formation could initiate lipid peroxidation.

On the other hand, the high reactivity of the fatty acid alkoxyl

radicals would make them good candidates for the reactive

species responsible for the haem degradation that occurs during



571Cytochrome P-450-mediated hydroperoxide-derived free radicals

the reaction of P450 with lipid hydroperoxides (Figure 1) [6–9].

The heterolytic reaction produces a two-electron oxidized form

of P450 which hydroxylates substrates, probably without rele-

asing free radicals [24,55,56], while the homolytic reaction

produces diffusible free radicals.

On the basis of these results, we can conclude that the P450

homolytic mechanism degrades lipid hydroperoxides to highly

reactive alkoxyl radicals, which react spontaneously to form

both carbon-centred and O
#

−d radicals.
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