
The process of lipid peroxidation (LP) plays an

important role in the progression of many disorders.

Along with transition metal ions, active oxygen forms,

such as •O2
–, H2O2, 

•OH, and HOCl, produced by stim�

ulated neutrophils or monocyte�macrophages initiate

LP in vivo [1]. As recently reported, both superoxide

anion�radical •O2
– and hydrogen peroxide H2O2 are

themselves weak lipid oxidizers [1]. The studies [2�4]

suggested that highly reactive hydroxyl radical •OH pro�

duced from the interaction of these compounds with

transition metal ions is far from playing the dominant

role in oxidative modification of protein–lipid complex�

es by phagocytes. Along with this, hypochlorous acid

(HOCl) or its ionized form, hypochlorite (OCl–), which

is produced in a reaction catalyzed by myeloperoxidase,

an enzyme present in neutrophils and monocytes, was

recently reported to be a strong oxidizer that can initiate

free�radical LP of blood lipoproteins and other pro�

tein–lipid complexes [5�11]. Considering that the pK of

HOCl is near 7.5 [12] and under physiological condi�

tions about a half of the acid is present in molecular

form and the other half in the anionic form, the mixture

HOCl/OCl– present in the medium under study is

termed below as hypochlorite.
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Abstract—As we reported previously, hypochlorite interacting with organic hydroperoxides causes their decomposition

((1995) Biochemistry (Moscow), 60, 1079�1086). This interaction was supposed to be a free�radical process and serve as a

source of free radicals initiating lipid peroxidation (LP). The present study is the first attempt to detect and identify free rad�

icals produced in the reaction of hypochlorite with tert�butyl hydroperoxide, (CH3)3COOH, which we have used as an exam�

ple of organic hydroperoxides. We have used a direct method for free radical detection, EPR of spin trapping, and the fol�

lowing spin traps: N�tert�butyl�α�phenylnitrone (PBN) and α�(4�pyridyl�1�oxyl)�N�tert�butylnitrone (4�POBN). When

hypochlorite was added to (CH3)3COOH in the presence of a spin trap, an EPR spectrum appeared representing a superpo�

sition of two signals. One of them belonged to a spin adduct formed as a result of direct interaction of hypochlorite with the

spin trap (hyperfine splitting constants were: aβ
H

= 0.148 mT; aN = 1.537 mT; and ∆HPP = 0.042 mT for 4�POBN and aβ
H

=

0.190 mT; aN = 1.558 mT; and ∆HPP = 0.074 mT for PBN). The other signal was produced by hypochlorite interactions with

(CH3)3COOH itself (hyperfine splitting constants were: aβ
H

= 0.233 mT; aN = 1.484 mT; ∆HPP = 0.063 mT and aβ
H

= 0.360 mT;

aN = 1.547 mT; ∆HPP = 0.063 mT for 4�POBN and PBN, respectively). Comparison of spectral characteristics of this spin

adduct with those of tert�butoxyl or tert�butyl peroxyl radicals produced in known reactions of (CH3)3COOH with Fe2+ and

Ce4+, respectively, showed that the radical (CH3)3COO• is produced from the interaction of hypochlorite with (CH3)3COOH.

Like Ce4+ but not Fe2+, hypochlorite addition to (CH3)3COOH was accompanied by a bright flash of chemiluminescence

characteristic of the reactions in which peroxyl radicals are produced. Thus, all these results suggest peroxyl radical produc�

tion in the reaction of hypochlorite with hydroperoxide. This reaction is one of the most possible ways for the initiation of

free�radical LP that occurs in vivo, when hypochlorite interacts with unsaturated lipids comprising natural protein–lipid

complexes, such as lipoproteins and biological membranes.
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A reaction of hypochlorite with organic hydroperox�

ides that are always present in unsaturated lipids is a can�

didate to the role of the initiation stage of hypochlorite�

induced LP. Indeed, the body of data we obtained previ�

ously suggests the formation of free�radical intermediates

in the course of this reaction:

1) hypochlorite actually interacts with hydroperox�

ide group, but not with other peroxides, with stoichio�

metric ratio more than 1 [11, 13];

2) this reaction is accompanied by chemiluminescence

[11, 14, 15] that is characteristic for free�radical reactions [16];

3) singlet oxygen is not produced in this reaction [14,

17], unlike the reaction of hypochlorite with hydrogen

peroxide [18]:

HOCl + H2O2 → 1O2 + Cl– + H+ + H2O;

4) in the presence of hydroperoxides, an additional

accumulation of LP products occurs in phospholipid

liposomes incubated with hypochlorite or with the system

myeloperoxidase + H2O2 + Cl– catalyzing hypochlorite

formation [11, 15, 17, 19];

5) accumulation of LP products is inhibited by the

known free�radical quencher, 2,6�di�tert�butyl�p�cresol

(ionol) [15, 17, 19];

6) the main molecular product of the reaction of

hypochlorite with tert�butyl hydroperoxide is di�tert�butyl

peroxide, whose production is explainable only from the

hypothesis of free radical formation in the course of this

reaction [11, 14, 17].

All these data give evidence, although indirectly, for

the reaction of hypochlorite with the hydroperoxyl group

involved in free�radical intermediate formation.

However, there were have been no reports on the direct

registration of free radicals that might be produced in the

course of the given reaction.

In connection with this, the present study using the

method of direct free radical detection, EPR spin trap�

ping, is the first attempt to determine whether free radi�

cals are produced in the reaction of hypochlorite with

organic hydroperoxide and what is the chemical nature of

the free�radical intermediates formed.

MATERIALS AND METHODS

Chemicals. Spin traps: N�tert�butyl�α�phenylni�

trone (PBN) and α�(4�pyridyl�1�oxyl)�N�tert�butylni�

trone (4�POBN) and also NaOCl were purchased from

Sigma (USA); other chemicals: NaH2PO4, FeCl2·4H2O,

Ce(NH4)2(NO3)6, and NaCl were purchased from

Reakhim (Russia). tert�Butyl hydroperoxide and all sol�

vents applied for UV�spectrometry were purchased from

Fluka (Switzerland).

In some experiments, we used hypochlorite synthe�

sized electrochemically from 0.9% NaCl solution on an

EDO�3 unit [20] for 30 min at 1 A. The electrode con�

tained titanium micropromoted with platinum. The con�

centration of OCl– was determined from its absorption at

290 nm and pH 12 taking the extinction coefficient ε290 =

350 M–1·cm–1 [12].

EPR experiments. Short�living radicals produced in

the reaction of hypochlorite with organic hydroperoxide

were measured by the spin�trapping method. EPR spectra

were recorded at room temperature on an E�4 radio spec�

trometer (Varian, USA) equipped with a computer.

Samples for the EPR spectrum recording were prepared

as follows: spin trap (20 mM), (CH3)3COOH (1�20 mM),

and hypochlorite (0.1�1 mM) were added into the detec�

tion medium (50 mM phosphate, pH 7.4), mixed quickly

and placed into the resonator of the radio spectrometer in

a flat quartz cell. EPR spectra were recorded under the

following conditions: magnetic intensity 0.33 T;

microwave power 10 mW; modulation amplitude 0.05 mT;

and response time 0.03 sec. Constants aβ
H

and aN charac�

terizing the hyperfine splitting on the nuclei of hydrogen

β�atom and nitrogen atom, respectively, and ∆HPP char�

acterizing the spectral line width were used as the spectral

parameters of spin adducts.

The software and database of the spectral parameters

of EPR spin adducts were acquired from the Internet

(http://epr.niehs.nih.gov) and used for the calculation of

constants of the EPR spectrum hyperfine splitting and

identification of spin adducts detected. The software

description and details of its use for EPR spectrum mod�

eling are described elsewhere [21]. The software enables

the creation of a calculated spectrum from the measured

empiric parameters of the experimental EPR spectrum,

optimization of the calculated spectrum by its compari�

son with the experimental one, and thus more precise

determination of the values of hyperfine splitting con�

stants (to compare with the constant values determined

empirically).

Chemiluminescence was measured on a CLM�3

device connected with the MacLab interface and

MacIntosh computer using the Chart program at 23°C

and pH 7.4. The following systems were tested:

(CH3)3COOH (22.2 mM) + hypochlorite (4 mM);

(CH3)3COOH (22.2 mM) + Ce(NH4)2(NO3)6 (4 mM),

and (CH3)3COOH (22.2 mM) + Fe2+ (4 mM).

Variational statistic methods were used for the statis�
tical data processing. The significance of the differences

was evaluated by Student’s t�test. The measured values

were taken as significant, when p < 0.05.

RESULTS AND DISCUSSION

Detection of radicals in the reaction of hypochlorite
with (CH3)3COOH. Hypochlorite is known to initiate

free�radical LP [5�11]. At present, the body of data indi�

cates that the reaction of hypochlorite with organic
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hydroperoxides that are always present in some amounts

in unsaturated lipids, may be an initiation step in

hypochlorite�induced LP [11, 13�15]. A set of experi�

mental data indirectly indicating free radicals, such as

peroxyl and/or alkoxyl radicals, are formed in the course

of this reaction [11, 14, 15, 17, 19]. However, this suppo�

sition has not yet been proven experimentally.

We employed the EPR spin�trapping method for the

detection of free radicals generated in the reaction of

hypochlorite with (CH3)3COOH. The latter was chosen

as a model for organic hydroperoxides.

The first experiments showed that EPR spectra given

in the Figs. 1a and 2a are detected when hypochlorite is

added to (CH3)3COOH in the presence of spin traps 4�

POBN and PBN, respectively. Interestingly, when

hypochlorite is added to the spin traps in the absence of

(CH3)3COOH, EPR spectra are also detected (Figs. 1b

and 2b), but their hyperfine splitting constants are differ�

ent. These data suggest that hypochlorite interacts direct�

ly with the spin traps 4�POBN and PBN, thus forming

spin adducts. Particularly, the interaction of hypochlorite

with 4�POBN gives a spin adduct with the following

parameters: aβ
H

= 0.148 mT; aN = 1.537 mT; and ∆HPP =

0.042 mT; and in the case of PBN these parameters are:

aβ
H

= 0.190 mT; aN = 1.558 mT; and ∆HPP = 0.074 mT.

However, when hypochlorite was added to the trap in

the presence of (CH3)3COOH, other adducts, along with

those specified above, were also detected in EPR spectra

and characterized by different hyperfine splitting con�

stants: aβ
H

= 0.233 mT; aN = 1.484 mT; ∆HPP = 0.063 mT

for 4�POBN and aβ
H

= 0.360 mT; aN = 1.547 mT; ∆HPP =

0.063 mT for PBN. Figure 1a displays the EPR spectrum

that is a superposition of the signals from two spin

adducts; one of them forms from the direct interaction of

hypochlorite with the spin trap (4�POBN), the second

one is a result of the interaction of hypochlorite with

(CH3)3COOH. The evaluated values of spectral parame�

ters allowed the simulation of the recorded EPR spectra

with the computer program offered in [21]. These spectra

are displayed in the Figs. 1 and 2 (spectra (c) and (d)).

One can see that the model spectra are essentially identi�

cal to the experimental ones, thus confirming our

hypothesis on the existence of two spin adduct types when

hypochlorite is added to (CH3)3COOH in the presence of

spin traps.

These results give evidence for the interaction of

hypochlorite with (CH3)3COOH leading to the formation

of an unknown radical that reacts with a spin trap (4�

POBN or PBN) and forms a spin adduct possessing cer�

tain spectral parameters. Our further attention was

attracted mainly to this spin adduct. First, we attempted

to study its stability and possible conversion into other

spin adducts. To do this, we used the spin trap 4�POBN

and determined both the EPR signal intensities and

hyperfine splitting constant values at defined intervals.

Kinetics curve of the EPR signal intensity for the radical

bа

c d

1.5 mT

Fig. 1. EPR spectra recorded in the system (CH3)3COOH + HOCl/OCl– in the presence of the spin trap 4�POBN and their computer�

aided simulation. Measurements were conducted at room temperature in 50�mM phosphate, pH 7.4. a) 4�POBN (20 mM) +

(CH3)3COOH (5 mM) + HOCl/OCl– (1 mM); c) computer�aided simulation of the spectrum (a); b) 4�POBN (20 mM) + HOCl/OCl–

(1 mM); d) computer�aided simulation of the spectrum (b).
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spin adduct generated in the HOCl/OCl– +

(CH3)3COOH system is given in the Fig. 3. Obviously, the

spin adduct formed is relatively unstable and disappears

in time. However, as seen from the experiment, the con�

stants of hyperfine EPR splitting remain unchanged.

Evidently, the primary spin adduct does not turn into

another spin adduct. Considering these kinetic results we

further recorded all spectra not later than 2�3 min after

hypochlorite was added to the mixture of (CH3)3COOH

with a trap, when the EPR signal intensity was high

enough.

If our hypothesis is correct, that is two spin adducts,

namely the adduct formed from the direct interaction of

hypochlorite with a trap and the adduct due to by free

radical formation in the reaction of hypochlorite with

(CH3)3COOH, are actually produced upon the addition

of hypochlorite to (CH3)3COOH in the presence of spin

trap, we might expect that as hypochlorite and

(CH3)3COOH concentration ratio changes, the corre�

sponding EPR signal intensity ratio for these adducts

would change too.

The results of our experiments are shown in the Figs.

4 and 5. Figure 4 shows that the intensity of signal from

the spin adduct of radical resulting from the interaction

of hypochlorite with (CH3)3COOH increases as

(CH3)3COOH concentration increases at constant con�

centration of hypochlorite (curve 1). The signal intensity

of spin adduct resulting from the direct interaction

bа

c d

1.5 mT

Fig. 2. EPR spectra recorded in the system (CH3)3COOH + HOCl/OCl– in the presence of the spin trap PBN and their computer�aided

simulation. Measurements were conducted at room temperature in 50�mM phosphate, pH 7.4. a) PBN (20 mM) + (CH3)3COOH (3 mM) +

HOCl/OCl– (1 mM); c) computer�aided simulation of the spectrum (a); b) PBN (20 mM) + HOCl/OCl– (1 mM); d) computer�aided sim�

ulation of spectrum (b).

Fig. 3. EPR signal kinetics for the spin adduct with the hyper�

fine splitting constants aβ
H

= 0.233 mT; aN = 1.484 mT; ∆HPP =

0.063 mT, which is produced from the interaction of hypochlo�

rite with (CH3)3COOH in the presence of spin trap 4�POBN.

Measurements were conducted at room temperature in 50 mM

phosphate, pH 7.4. The specimen composition was: 4�POBN

(20 mM) + (CH3)3COOH (5 mM) + HOCl/OCl– (1 mM).
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between hypochlorite and trap decreases concurrently

(curve 2). This phenomenon is due to the decrease in

hypochlorite portion reacting with trap, because its

enlarged amount is spent on the interaction with

(CH3)3COOH as its concentration increases.

The signal intensity changes are shown in Fig. 5 for

the spin adducts of 4�POBN studied at constant

(CH3)3COOH concentration and increasing hypochlorite

concentration. The increasing hypochlorite concentra�

tion obviously results in substantial enhancement of the

signal from radical spin adduct due to the interaction

between hypochlorite and (CH3)3COOH. The signal

intensity from the adduct due to the direct interaction of

hypochlorite with the trap moderately rises concurrently

as well.

These results confirm our conclusion that two spin

adducts are formed in the system (CH3)3COOH +

HOCl/OCl– + spin trap; one of them is a product of

direct interaction of hypochlorite with a trap, the second

one is formed in the reaction of the trap with a radical

produced from the interaction of (CH3)3COOH with

HOCl/OCl–.

Identification of free radicals formed in the reaction of
hypochlorite with (CH3)3COOH. The formation of either

alcoxyl ((CH3)3CO•) or peroxyl ((CH3)3COO•) radicals

would be expected when hypochlorite interacts with

(CH3)3COOH. Alcoxyl radical is known to be generated

on the reduction of organic hydroperoxide with Fe2+ [16,

22]:

(CH3)3COOH + H+ + Fe2+ →Fe3+ + (CH3)3CO• + H2O. (1)

It is also known that Ce4+ can oxidize (CH3)3COOH

to peroxyl radical [22]:

(CH3)3COOH + Ce4+ → Ce3+ + (CH3)3COO• + H+.  (2)

Considering this fact and using the spin trap 4�

POBN, we attempted to detect EPR spectra of spin

adducts produced in the course of known reactions (1)

and (2) and to compare EPR spectral parameters of these

adducts with those of spin adducts formed in the reaction

of hypochlorite with (CH3)3COOH.

The hyperfine splitting constants of EPR spectra we

recorded are given in Table 1. We succeeded in detecting

a spin adduct formed in reaction (2) with the following

spectral parameters: aβ
H

= 0.233 mT; aN = 1.510 mT; and

∆HPP = 0.063 mT. Another spin adduct with hyperfine

splitting constants: aβ
H

= 0.276 mT; aN = 1.633 mT; and

∆HPP = 0.085 mT was detected in reaction (1) in the sys�

tem Fe2+ + (CH3)3COOH.

A comparison of these spectral parameters to those

of spin adduct produced from the interaction of

hypochlorite with (CH3)3COOH showed that the spectral

parameters of the adduct we found are nearly identical to

those of the adduct formed in reaction (2) and differ from

Fig. 4. Effect of (CH3)3COOH on the intensity of EPR signals

of spin adducts detected in the system (CH3)3COOH +

HOCl/OCl– in the presence of the spin trap, 4�POBN.

Measurements were conducted at room temperature in 50 mM

phosphate, pH 7.4. The specimen composition was: 4�POBN

(20 mM) + (CH3)3COOH + HOCl/OCl– (1 mM). 1) Spin

adduct of radical produced in the reaction of hypochlorite with

(CH3)3COOH (hyperfine splitting constants are: aβ
H

=

0.233 mT; aN = 1.484 mT; ∆HPP = 0.063 mT); 2) spin adduct

produced on the interaction of hypochlorite with the spin trap

4�POBN (hyperfine splitting constants are: aβ
H

= 0.148 mT;

aN = 1.537 mT; and ∆HPP = 0.042 mT).
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Fig. 5. Effect of hypochlorite on the intensity of EPR signals of

spin adducts detected in the system (CH3)3COOH +

HOCl/OCl– in the presence of the spin trap 4�POBN.

Measurements were conducted at room temperature in 50 mM

phosphate, pH 7.4. The specimen composition was: 4�POBN

(20 mM) + (CH3)3COOH (20 mM) + HOCl/OCl–. 1) Spin

adduct of radical produced in the reaction of hypochlorite with

(CH3)3COOH (hyperfine splitting constants are: aβ
H

= 0.233 mT;

aN = 1.484 mT; ∆HPP = 0.063 mT); 2) spin adduct produced on

the interaction of hypochlorite with the spin trap 4�POBN

(hyperfine splitting constants are: aβ
H

= 0.148 mT; aN =

1.537 mT; and ∆HPP = 0.042 mT).
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those of the spin adduct formed in reaction (1). From

these data, it can be concluded that the radical generated

in the course of the reaction we studied between

hypochlorite and (CH3)3COOH is a peroxyl radical.

Alcoxyl and hydroxyl radicals, due to their high reac�

tivity, can abstract the hydrogen atom from the ethanol

molecule to form the hydroxy ethyl radical. Peroxy radical

possesses relatively low reactivity [23] and cannot partici�

pate in the reaction or do this very slowly, hence, hydroxy

ethyl radical adduct can be scarcely detected in the reac�

tion mixture in which peroxyl radicals are generated.

Taking this fact into account, we used ethanol as an

intermediate acceptor for the tert�butoxyl radicals. The

results of these experiments are presented in Table 2, from

which it is obvious that in the case of the Fenton reaction:

H2O2 + Fe2+ → Fe3+ + •OH + OH–,            (3)

as it could be expected, the spin adduct of hydroxyl radi�

cal was detected. Another spin adduct, namely hydroxy

ethyl radical adduct with the following spectral parame�

ters: aβ
H

= 0.275 mT; aN = 1.611 mT; and ∆HPP = 0.085 mT

System

Fe2+ + (CH3)3COOH

Ce4+ + (CH3)3COOH

HOCl/OCl– + (CH3)3COOH

∆Hpp, mT

0.085 ± 0.008

0.063 ± 0.007

0.063 ± 0.009

Table 1. Spectral parameters of spin adducts of radicals formed in the reaction of (CH3)3COOH with Fe2+, Ce4+, or

HOCl/OCl– in the presence of spin trap 4�POBN

аN, mT

1.633 ± 0.007

1.510 ± 0.009

1.484 ± 0.015

а
β
H, mТ

0.276 ± 0.009

0.233 ± 0.008

0.233 ± 0.007

Radical formed

(CH3)3CO•

(CH3)3COO•

(CH3)3COO•

EPR spectral parameters of spin adduct

Reactions were conducted at room temperature in 50 mM phosphate, pH 7.4. Concentrations (mM): 4�POBN, 20; (CH3)3COOH, 20; Fe2+,

3; Ce4+, 5; HOCl/OCl–, 1.

System

Fe2+ + H2O2 + CH3CH2OH

Ce4+ + (CH3)3COOH + CH3CH2OH

HOCl/OCl– + (CH3)3COOH + 

+ CH3CH2OH

mT

а
β
H

аN

∆Hpp

а
β
H

аN

∆Hpp

а
β
H

аN

∆Hpp

Table 2. Spectral parameters of spin adducts of radicals formed in the absence or presence of ethanol in the Fenton

reaction and in the reactions of (CH3)3COOH with Ce4+ or HOCl/OCl–

in the presence 
of ethanol

0.275 ± 0.011

1.611 ± 0.010

0.085 ± 0.009

0.233 ± 0.012

1.510 ± 0.007

0.053 ± 0.008

0.233 ± 0.008

1.490 ± 0.008

0.053 ± 0.011

in the absence 
of ethanol

0.170 ± 0008

1.537 ± 0.008

0.064 ± 0.009

0.233 ± 0.008

1.510 ± 0.009

0.063 ± 0.007

0.233 ± 0.007

1.484 ± 0.015

0.063 ± 0.009

Radical formed

CH3
•CHOH

(CH3)3COO•

(CH3)3COO•

EPR spectral parameters of spin adduct

Reactions were conducted at room temperature in 50 mM phosphate, pH 7.4. Concentrations (mM): 4�POBN, 20; (CH3)3COOH, 20; Fe2+,

3; H2O2, 3; Ce4+, 5; HOCl/OCl–, 1; ethanol, 1000.

Note:

Note: 
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was detected on the excess of ethanol in the reaction mix�

ture.

We examined the reaction Fe2+ + (CH3)3COOH, in

which alcoxyl radical or, in the presence of ethanol as the

intermediate acceptor, hydroxyl radical is to be formed,

and found that the spectral parameters of the spin adduct

of hydroxyl radical (aβ
H

= 0.275 mT; aN = 1.611 mT; and

∆HPP = 0.085 mT; see Table 2, Fenton reaction in the pres�

ence of ethanol) are little different from those of the

adduct of tert�butoxyl radical (aβ
H

= 0.276 mT; aN =

1.633 mT; and ∆HPP = 0.085 mT; see Table 1, reaction (1)).

EPR spectra of a practically identical spin adducts

were recorded (see Table 2) on addition of Ce4+ to

(CH3)3COOH in the presence or absence of ethanol. This

is because peroxyl radical generated in the reaction studied

(2) cannot detach the hydrogen atom from ethanol, hence,

the formation of hydroxy ethyl radical is impossible.

Similar results were obtained on addition of

hypochlorite to (CH3)3COOH in the presence or absence

of ethanol. A spin adduct generated in this case was simi�

lar in its parameters to spin adduct formed from the inter�

action between Ce4+ and (CH3)3COOH (see Table 2).

Ethanol had no effect on the spectral parameters of this

adduct. This fact indicates that the same radical, namely

peroxyl radical, is formed both in the reaction of

hypochlorite with (CH3)3COOH and in the reaction of

Ce4+ with (CH3)3COOH.

Thus, the data again confirm our conclusion that a

radical of peroxyl nature is produced in the course of the

reaction between hypochlorite and organic hydroperox�

ide.

Vladimirov et al. demonstrated repeatedly [16, 24]

that reactions in which peroxyl radicals are generated are

accompanied by ultra�low glow, chemiluminescence that

is due to the recombination of these radicals. If peroxyl

radical is actually produced in the system under study

((CH3)3COOH + HOCl/OCl–), this reaction is to be

accompanied by a chemiluminescence flash.

Using the chemiluminescence technique, we studied

the reaction of hypochlorite with (CH3)3COOH. The

results were compared to those obtained on addition of

Ce4+ to (CH3)3COOH (in this case, peroxyl radical is

generated, see reaction (2)) or Fe2+ to (CH3)3COOH (in

this case, alcoxyl radical is formed, see reaction (1)).

Chemiluminescence kinetics curves for the reactions

studied are displayed in Fig. 6. It was shown in control

experiments that an addition of (CH3)3COOH or

hypochlorite to the phosphate buffer solution (pH 7.4)

that served as the reaction medium was not accompanied

by any chemiluminescence flash (data not shown).

However, a bright chemiluminescence flash was detected

on addition of hypochlorite into (CH3)3COOH solution,

as seen from the Fig. 6a. A similar result was obtained on

addition of Ce4+ to the (CH3)3COOH solution (see Fig.

6b). On the other hand, an addition of Fe2+ to

(CH3)3COOH, although accompanied by chemilumines�

cence, the flash was substantially weaker than in the case

of the two reactions described previously (Fig. 6c). This

flash may be, at least in part, due to the recombination of

Fig. 6. Chemiluminescence flash after the addition of 4 mM

HOCl/OCl– (a), Ce4+ (b), or Fe2+ (c) to (CH3)3COOH

(22.2 mM). Arrows indicate moments when HOCl/OCl–,

Ce4+, and Fe2+, respectively, were added. Measurements were

conducted at room temperature in 5.0 mM phosphate, pH 7.4.
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tert�butyl peroxyl radicals generated from the interaction

between tert�butoxyl radicals (generated in turn during

the course of reaction (1)) at (CH3)3COOH excess

according to the following reaction:

(CH3)3CO• + (CH3)3COOH → (CH3)3COO• + (CH3)3COH.

Thus, there were systems generating expectedly per�

oxyl radicals, in which chemiluminescence flashes of high

intensity were detected. This fact confirms our proposi�

tion on peroxyl radical generation in the system

HOCl/OCl– + (CH3)3COOH.

The results of present study using the spin trap

method as well as the chemiluminescence technique

show that the peroxyl radical as a free�radical intermedi�

ate is produced in the reaction of hypochlorite with

(CH3)3COOH and possibly in its reactions with other

organic hydroperoxides; this radical is a typical initiator

of free�radical lipid peroxidation processes [16, 24].

One can suggest that this reaction is one of the most

probable mechanisms initiating free�radical LP that

occurs when hypochlorite interacts with unsaturated

lipids comprising natural protein–lipid complexes, such

as lipoproteins and biological membranes. One of the

possible mechanisms of hypochlorite participation in free

radical modification of these natural protein–lipid com�

plexes can be presented by the scheme shown in the Fig.

7. Phagocyte stimulation is accompanied by the activa�

tion of NADPH�oxidase, a membrane�bound enzyme

catalyzing superoxide anion radical (•O2
–) generation.

The radical dismutates spontaneously or under the action

of another enzyme, superoxide dismutase, to hydrogen

peroxide (H2O2). Myeloperoxidase, one further enzyme

catalyzing hypochlorite formation using H2O2 and Cl– as

substrates is secreted into the extracellular medium when

phagocytes are activated. Each of the mentioned active

oxygen forms (such as H2O2, 
•O2

–, and HOCl) can be a

source of extremely reactive hydroxyl radical •OH as a

result of reaction (3) as well as reactions [25�27]:

HOCl + •O2
– → •OH + O2 + Cl–;

HOCl + Fe2+ → •OH + Fe3+ + Cl–.

The radical •OH detaching the hydrogen atom from an

unsaturated lipid (L) generates alkyl radical (L•). The

radical L• can initiate free�radical LP reactions, or, alter�

natively, can react with an oxygen molecule to form per�

oxyl radical (LOO•), from which, in turn, hydroperoxide

(LOOH) originates. The hydroperoxide can be reduced

by Fe2+ into alcoxyl radical (LO•), or, alternatively, it can

be oxidized by hypochlorite into peroxyl radical. Both

radicals give birth to free�radical chain LP. Thus,

hypochlorite like divalent ferrous ions, through the con�

version of hydroperoxide molecule into free radical (per�

oxyl in this case), can play an important role in the inten�

sification of LP reactions on the stage of chain branching.

This process can be of great pathophysiological impor�

tance, because oxidative modification of biological mem�

branes and blood lipoproteins plays an important role in

initiation of various pathological processes, particularly,

oxidative lipoprotein modification can lead to the devel�

opment of early stages of arteriosclerosis [28�30].
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