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Лилия Владимирова, Елица Павлова, ХЕМИЛУМИНЕСЦЕНТНО ИЗСЛЕДВАНЕ 
НА РЕАКЦИИТЕ МЕЖДУ ФЕРИТИН, АЛБУМИН И АКТИВНИ ФОРМИ НА 
КИСЛОРОДА

С метода на луцигенин-активирана хемилуминесценция е изследвана реакцията 
на феритин и албумин с активни форми на кислорода. Реакциите са изучени в различ-
ни системи за генерация на свободни радикали и активни форми на кислорода (АФК): 
ензимна (ксантин-ксантинооксидазна) и химична (редуциран α-никотинамид-аденин 
динуклеотид-феназинметасулфат) системи за генерация на супероксидни радикали  
(

2O−
 ), а така също и в система с реактив на Фентън (H2О2-FeSO4) – за генерация на хидро-

ксилни радикали (·OH). Изследвано е също и действието на хелатиращи вещества (де-
сферал, аденозинтрифосфат и етилен-диамин-тетраоцетна киселина) с потискащ ефект 
върху интензивността на хемилуминесценция в тези окислително-редукционни процеси. 
Изчислени са константите на инхибиране за феритин и албумин и вещества с доказана 
хелаторна активност. Показана е разликата в техните ефективности в зависимост от стой-
ностите на pH и типа на съответната система за генерация на свободни радикали и АФК.

Lilia Vladimirova, Elitsa Pavlova, CHEMILUMINESCENT RESEARCH ON THE RE-
ACTIONS BETWEEN FERRITIN, ALBUMIN AND REACTIVE OXYGEN SPECIES

We investigated the interactions of ferritin and albumin with reactive oxygen species 
(ROS) by the lucigenin-enhanced chemiluminescence method. These reactions are explored in 
different systems for generation of ROS: enzymatic (xanthine – xanthineoxidase) and chemi-
cal (phenazinemethosulfat-reduced α-nicotinamide adenine dinucleotide) – for the generation 
of 2O−

 -radicals, and Fenton�s system (Hradicals, and Fenton�s system (H2O2 – Fe2+) – for the generation of ·OH- radicals. We– for the generation of ·OH- radicals. Wefor the generation of ·OH- radicals. We WeWe 
also studied the effects of three chelators (desferal, ethylenediamineteraacetic acid and adenos- chelators (desferal, ethylenediamineteraacetic acid and adenos- (desferal, ethylenediamineteraacetic acid and adenos-
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ine triphosphate) suppressing these redox processes. Their activity corresponds to different 
intensity of chemiluminescence. The constants of inhibition about ferritin, albumin and these The constants of inhibition about ferritin, albumin and theseThe constants of inhibition about ferritin, albumin and these 
substances with proven chelative effects are calculated. Their effect varies depending on pH Their effect varies depending on pHTheir effect varies depending on pH 
and the type of the model system applied for the generation of ROS.

Keywords: chemiluminescence; ferritin; albumin; chelators; reactive oxygen species.
PACS number: 78.60.Ps

1. INTRODUCTION

It is well established that anemia is often accompanied with chronic hy-
poxia and high concentrations of serum iron. Iron overload switches various 
pathological processes on, including oxidative damage to the erythrocyte 
membranes as well as other membrane structures [1]. These processes are ac-
companied with metabolic overproduction of free radicals and reactive oxy-
gen species (ROS), activation of the free radical lipid peroxidation cascade 
and production of toxic metabolites [2]. The accumulation of free radical in-
termediates overwhelms the antioxidant capacity of the organism (content of 
endogen antioxidants and antioxidants enzymes). Oxidative stress appears one 
of the basic mechanisms in the progression of diseases caused by high content 
of active iron [3, 4].

Albumin is one of the proteins with highest plasma concentrations (about 
42 g/l), with various structure and transport functions. Its high concentration 
defines over 80% of the blood plasma oncotic pressure; the 18 negative charges 
of this molecule enable one of its major functions – balance of the ion content 
of all tissue liquids. Albumin is also a metabolic transporter of free fatty acids, 
hormones, fat-soluble vitamins, different drugs as well as great quantities of 
Cu2+. It is a chelative agent to ions with changing valency, such as Cu2+ [5].

Ferritin is the reservoir of iron in the organism [6]. Probably, the Fe2+-ionsions 
are transported through the protein channels inside the molecule, where they 
are oxidized and kept as FeOOH-nucleus in combination with non-stechio--nucleus in combination with non-stechio-nucleus in combination with non-stechio-
metric quantities of phosphates [7].

Many authors have researched the role of oxygen radicals in the biochem-
ical interactions of ferritin [8, 9,10]. The superoxide radicals (( 2O−

 ) affect the 
Fe3+-mobilization from ferritin [11, 12, 13]. On the other hand, higher con-
centrations of ferric iron cause activation of the free radical lipid peroxidation 
process [14].

For the proposed reasons it is important to research the opportunities of 
effective therapy on patients with iron and other metals overload by different 
chelative agents of the changing valency ions.
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The aim of this experimental work is to study the interactions of ferritin 
and albumin with ROS ( ( 2O−

 , ·OH) by the method of lucigenin-enhanced che-·OH) by the method of lucigenin-enhanced che-) by the method of lucigenin-enhanced che- by the method of lucigenin-enhanced che-
miluminescence (CL). The applied model systems are chemical and enzyma-
tic – Fenton�s system, reduced, reduced reduced α-nicotinamide adenine dinucleotide – phen-
azinemethosulfate and xanthine–xanthineoxidase. There are calculated the There are calculated theThere are calculated the 
constants of inhibition about these proteins and substances with proven chela-
tive activity (desferal, ethylenediamineteraacetic acid (EDTA) and adenosine 
triphosphate (ATP)).

2. MATERIALS AND METHODS

1. Chemiluminescent systems: Each sample contains: Fenton`s reagent 
(FeSO4 (5.10-5 M) – H2O2 (5.10-4 M)), xanthine (0.33 mM) – xanthineoxidase xanthine (0.33 mM) – xanthineoxidase(0.33 mM) – xanthineoxidase xanthineoxidase 
(0.3 IU) or NAD.H (10 or NAD.H (10(10-4 M) – PMS (10PMS (10 (10-6 M). The chemiluminescent probe lu- The chemiluminescent probe lu-
cigenin (10(10-4 M) as well as the tested substance (albumin 0.01, 0.04 mg/ml; fer- as well as the tested substance (albumin 0.01, 0.04 mg/ml; fer-(albumin 0.01, 0.04 mg/ml; fer-albumin 0.01, 0.04 mg/ml; fer- 0.01, 0.04 mg/ml; fer-mg/ml; fer-; fer-fer-
ritin 0.01 mg/ml; desferal 10 0.01 mg/ml; desferal 10mg/ml; desferal 10; desferal 10desferal 10 10-4 M, ATP 10ATP 10 10-4 M, EDTA 10EDTA 10 10-4 M) is added to eachis added to each 
sample. All the three systems are tested at pH 6.0, pH 7.4 and pH 8.0 / 25pH 6.0, pH 7.4 and pH 8.0 / 25and pH 8.0 / 25 pH 8.0 / 25oC..

The following buffer solutions are used: NaNa2HPO4 (0.05 M) –  
C8H8O7.H2O (0.1 M), at pH 6.0, 7.4 and 8.0 / 25�С.at pH 6.0, 7.4 and 8.0 / 25�С.pH 6.0, 7.4 and 8.0 / 25�С.and 8.0 / 25�С. 8.0 / 25�С./ 25�С. 25�С.

2. Reagents: horse spleen ferritin, Type I: from Horse Spleen; sterile fil-
tered solution in 0,5 M NaCl (Sigma Chemical Co. USA); human serum al-
bumin (Reanal, Hungary); iron sulphate FeSO4, ethylene diamine tetracetic 
acid C10H16N2O8 (EDTA), phenazine methosulfate C13H11N2.CH3SO4 (PMS)  
(N-methyldibenzopyrazine methyl sulfat salt), xantine C5H4N4O2 (2,6-dihydro-
xypurine), xantine oxidase (Merck KGaA, Germany); adenosine triphosphate 
C10H16N5O13P3 (ATP) (Serva); Deferoxamine C25H48N6O8 (desferal) (Novar-
tis, Switzerland); hydrogen peroxide H2O2, disodium hydrogen phosphate 
Na2HPO4, citric acid C8H8O7.H2O (Boron, Bulgaria); lucigenin C28H22N4O6 
(bis-N-methylacridinium nitrate), α – nicotinamide adenine dinucleotide, re-
duced form C21H27N7O14P2Na2 (NАD.Н) (Boehringer, Germany).

The given concentrations are the ones in the tested mixture, as the total 
volume of each sample is 2 ml. The kinetics is registered for 3 minutes period. 
All the measurements are made with chemiluminometer LKB 1251 (Sweden) 1251 (Sweden)Sweden)) 
in new plastic cuvettes.
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3. RESULTS

The integral evaluation of the content of free radicals and ROS as well 
as the registration of the kinetic parameters of the oxidation reaction could be 
easily made by the CL-method.-method.method. 

The constant of inhibition can be calculated according to the CL kinetics 
by the equation [15]:

[(dI/I0)dt]t=0 = –2k[InH]0   (1)

where: [[(d[(ddI/I0)ddt]t=0 is tgis tgα (the tangent of the angle between the kinetic 
straight line and the ordinate) in the first period of fast CL emission; [InH][InH]InH]]0 is 
the concentration of the inhibitor.

The achieved results show that highest CL signal is emitted from the Fen-
ton�s system, in comparison to the other two tested systems. The intensity of 
oxidation is very intensive in the first seconds of the reaction for generation of 
hydroxyl radicals (·OH). The CL signal is strong and stable during the regis-(·OH). The CL signal is strong and stable during the regis-·OH). The CL signal is strong and stable during the regis-). The CL signal is strong and stable during the regis-. The CL signal is strong and stable during the regis-
tered Fenton�s reaction (Fig.1а).(Fig.1а).Fig.1а)..1а). 

The oxidative burst caused by the generation of 2O−
 -radicals in the NAD.radicals in the NAD.

H – phenazine metosulfate system is observed in the first 20 seconds from – phenazine metosulfate system is observed in the first 20 seconds fromphenazine metosulfate system is observed in the first 20 seconds from 
the start of the reaction; afterwards the CL response is quickly decreasing 
(Fig.1b).Fig.1b)..1b).b).).

The peak for generation of 2O−
 -radicals is detected about the 20-th second 

in the 3rd system: xanthine–xanthine oxidase; the CL response is graduallyxanthine–xanthine oxidase; the CL response is gradually–xanthine oxidase; the CL response is graduallyxanthine oxidase; the CL response is gradually 
decreasing with time (Fig.1c).(Fig.1c).Fig.1c)..1c).c).).

One should take in mind that the intensity of the CL signal depends pro-
portionally on the alkality of the medium in all three tested systems.

We should also notice that the registration of CL emitted from NAD.H – 
phenazine metosulfate and xanthine–xanthine oxidase systems is possible withosulfate and xanthine–xanthine oxidase systems is possible withsulfate and xanthine–xanthine oxidase systems is possible with and xanthine–xanthine oxidase systems is possible with–xanthine oxidase systems is possible withxanthine oxidase systems is possible with 
the application of a specific 2O−

  -radicals probe–lucigenin (Fig.1 b), c)) [16].-radicals probe–lucigenin (Fig.1 b), c)) [16].radicals probe–lucigenin (Fig.1 b), c)) [16].(Fig.1 b), c)) [16].Fig.1 b), c)) [16]..1 b), c)) [16].b), c)) [16].), c)) [16].c)) [16].)) [16]. 
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A. FЕNTON�S S�STEM. FЕNTON�S S�STEM FЕNTON�S S�STEMЕNTON�S S�STEMNTON�S S�STEM

It is well known that the interaction between FeFe2+-ions and Нions and НН2О2 (Fenton�s 
reaction) results in highly reactive, short-living ·OH-radicals attacking free-radicals attacking freeradicals attacking free 
fatty acids and proteins. The CL emission from this reaction is much higher in 
comparison to the other two systems: 

Fe2+ + H2O2 → Fe3+ + OH· + OH− (2)
Fe3+ + H2O2 → Fe2+ + OOH· + H+ (3)

a) b)

Fig.1. Intensity of chemiluminescence and kinetics of the control systems at pH 6.0/25oC, 
pH 7.4/25oC, pH 8.0/25oC: a) Fenton`s system (FeSO4-H2О2) b) NAD.H – phenazine 

metosulfate c) xanthine –xanthine oxidase

c)
time[s]

time[s]
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The release of FeFe3+-ions from the ferritin nucleus initiates a second stepions from the ferritin nucleus initiates a second step 
interaction with hydrogen peroxide in the tested in vitro system, which is ac-
companied with large increase of the registered CL signal. On the contrary, the 
inclusion of FeFe3+-ions inside the ferritin nucleus decreases the CL response.ions inside the ferritin nucleus decreases the CL response.

The registered high CL signal from the samples containing albumin and 
Fenton�s reagent could be explained with oxidation of the molecule according 
to the standard scheme of initiation of radical protein peroxidation.

The achieved results confirm that the oxidation reaction is stimulated 
at pH 8.0 and the following protein content–ferritin (0.01 mg/ml), albumin (0.01 mg/ml), albuminmg/ml), albumin), albumin, albumin 
(0.04 mg/ml) (Table 1). Ferritin easily participates in free radical oxidationmg/ml) (Table 1). Ferritin easily participates in free radical oxidation) (Table 1). Ferritin easily participates in free radical oxidation (Table 1). Ferritin easily participates in free radical oxidation 
processes at physiological conditions pH (7.4/25 (7.4/25оС); albumin (0.01 mg/ml); albumin (0.01 mg/ml)(0.01 mg/ml)mg/ml)) 
demonstrates chelative effect at acid, neutral and alkal pH when applied in 
concentration 4-times lower than the average physiological content (Table 1).the average physiological content (Table 1). 
Should be noticed that albumin (0.04 mg/ml) promotes oxidation described(0.04 mg/ml) promotes oxidation describedmg/ml) promotes oxidation described) promotes oxidation described promotes oxidation described 
with smooth kinetics for the tested range of pH (Table 1).

The experimental data show that ferritin possesses no antioxidant activity 
towards the generated ·OH-radicals in the Fenton�s system. This fact can be-radicals in the Fenton�s system. This fact can beradicals in the Fenton�s system. This fact can be 
explained with the oxidation of the protein partition of the molecule as well as 
the mobilization of FeFe3+-ions outside the ferric nucleus.ions outside the ferric nucleus.

The addition of desferal in equal ratio to the content of FeFe2+-ions in the 
Fenton�s system strongly inhibits the CL emission at pH 6.0 and pH 8.0 andpH 6.0 and pH 8.0 and 6.0 and pH 8.0 andand pH 8.0 and pH 8.0 and 
slightly at рН 7.4. This could be explained with the active mechanism of des-. This could be explained with the active mechanism of des-
feral:

Fe2+ + desferal + О + О2 →Fe→FeFe3++-desferal +desferal + 2O−
  (4)

When ATP and EDTA are applied in the same dose (10(10-4М), they exhibit strong, they exhibit strong 
chelative effect at pH 8.0/25pH 8.0/25 °С in Fenton�s system, which does not present at in Fenton�s system, which does not present atFenton�s system, which does not present at, which does not present at 
pH 7.4/257.4/25 оС (Table 1).Table 1).1).

B. NAD.H – PHENA�INE METOSULFATE S�STEM– PHENA�INE METOSULFATE S�STEMPHENA�INE METOSULFATE S�STEM

Fast oxidation and generation of 2O−
 -radicals is observed in the first stageradicals is observed in the first stage 

of spontaneous CL from the NAD.H–PMS system [17]:
NAD.H +PMS+Н+Н+→PMS.Н.Н2+NADNAD+  (5)
PMS.Н.Н2 + PMSPMS → 2PMS.НPMS.Н.Н   (6)
PMS.Н.Н.+О2→PMS+О+О2

-.+Н+  (7)..
The antioxidant effect of ferritin is observed precisely at this phase of the 
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oxidation kinetics for all tested pH. Albumin inhibits the oxidation at pH 6.0 
in both applied concentrations; at pH 7.4 is effective only its lower concen-
tration; at pH 8.0 neither albumin, nor ATP and desferal exhibit suppressive 
effect towards the free radical process (Fig. 2).

Desferal, ATP and EDTA inhibit the oxidation reaction and the generation 
of superoxide radicals at pH 6.0 and pH 7.4. Most effective is EDTA, whichpH 6.0 and pH 7.4. Most effective is EDTA, whichand pH 7.4. Most effective is EDTA, which pH 7.4. Most effective is EDTA, which. Most effective is EDTA, which 
suppresses the oxidation reaction at all tested pH of the medium (Fig. 2).

Fig.2. Intensity of lucigenin-enhanced chemiluminescence: 
a) NAD.H 10–4 M + PMS 10–6 M + lucigenin 10–4 M + buffer pH 7.4/25 �C (control);  
b) NAD.H 10–4 M + PMS 10–6 M + lucigenin 10–4M + buffer pH 7.4/25 �C + albumin 0.04 mg/ml; 
c) NAD.H 10–4 M + PMS 10–6 M + lucigenin 10–4 M + buffer pH 7.4/25 �C + ferritin 0.01 mg/ml; 

d) NAD.H 10–4 M + PMS 10–6 M + lucigenin 10–4 M + buffer pH 7.4/25 �C +

time[s]
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em

ilu
m
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es
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nc

e

C. XANTHINE – XANTHINE OXIDASE S�STEM

The level of enzyme oxidation in the reaction

C H N O C H N O  + H O5 4 4
xanthine oxidase

O2  H2O 5 4 4 3 2 22 + →
 

(8)

is proportional to the generation of 2O−
 -radicals; products of this interactionradicals; products of this interaction 

are uric acid and hydrogen peroxide.
Active generation of 2O−

  -radicals in this system is registered at the 2-radicals in this system is registered at the 2radicals in this system is registered at the 2nd 
stage of CL – fast flash (Fig. 3). The researched protein molecules and chela-
tive agents inhibit the oxidation process at pH 6.0 and pH7.4. Ferritin and al-pH 6.0 and pH7.4. Ferritin and al- 6.0 and pH7.4. Ferritin and al-pH7.4. Ferritin and al-7.4. Ferritin and al-
bumin show prooxidant activity at pH 8.0, which is interpreted with oxidationpH 8.0, which is interpreted with oxidation 8.0, which is interpreted with oxidation, which is interpreted with oxidation 
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of the protein partitions of these molecules (Fig.3). Therefore chelative agents 
enable the release of active iron from ferritin [17]. Most effective chelator in]. Most effective chelator inMost effective chelator in 
this enzyme system is EDTA, at alkal pH (Fig. 3).

Fig. �.. �. �.�. Intensity of lucigenin-enhanced chemiluminescence:Intensity of lucigenin-enhanced chemiluminescence: of lucigenin-enhanced chemiluminescence:of lucigenin-enhanced chemiluminescence: lucigenin-enhanced chemiluminescence:lucigenin-enhanced chemiluminescence:-enhanced chemiluminescence:enhanced chemiluminescence: chemiluminescence:chemiluminescence:: 
a) xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10mM + xanthine oxidase 0.3 IU + lucigenin 10M + xanthine oxidase 0.3 IU + lucigenin 10xanthine oxidase 0.3 IU + lucigenin 10 oxidase 0.3 IU + lucigenin 10oxidase 0.3 IU + lucigenin 10 0.3 IU + lucigenin 10lucigenin 10 10–4 M + buffer pH 7.4/25buffer pH 7.4/25 pH 7.4/25 �C 

(control); b) xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10control); b) xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10); b) xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10xanthine 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10 0.33 mM + xanthine oxidase 0.3 IU + lucigenin 10mM + xanthine oxidase 0.3 IU + lucigenin 10M + xanthine oxidase 0.3 IU + lucigenin 10xanthine oxidase 0.3 IU + lucigenin 10 oxidase 0.3 IU + lucigenin 10oxidase 0.3 IU + lucigenin 10 0.3 IU + lucigenin 10lucigenin 10 10–4M + bufferbuffer  
pH 7.4/25 �C + albumin (0.04 mg/ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +albumin (0.04 mg/ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU + (0.04 mg/ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +mg/ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +/ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +ml); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +); c) xanthine 0.33 mM + xanthine oxidase 0.3 IU +xanthine 0.33 mM + xanthine oxidase 0.3 IU + 0.33 mM + xanthine oxidase 0.3 IU +mM + xanthine oxidase 0.3 IU +M + xanthine oxidase 0.3 IU +xanthine oxidase 0.3 IU + oxidase 0.3 IU +oxidase 0.3 IU + 0.3 IU +  
lucigenin 10 10–4 M + buffer pH 7.4/25 �C + albumin (0.01 mg/ml); d) xanthine 0.33 mM +buffer pH 7.4/25 �C + albumin (0.01 mg/ml); d) xanthine 0.33 mM + pH 7.4/25 �C + albumin (0.01 mg/ml); d) xanthine 0.33 mM +albumin (0.01 mg/ml); d) xanthine 0.33 mM + (0.01 mg/ml); d) xanthine 0.33 mM +mg/ml); d) xanthine 0.33 mM +/ml); d) xanthine 0.33 mM +ml); d) xanthine 0.33 mM +); d) xanthine 0.33 mM +xanthine 0.33 mM + 0.33 mM +mM +M +  
xanthine oxidase 0.3 IU + lucigenin 10 oxidase 0.3 IU + lucigenin 10oxidase 0.3 IU + lucigenin 10 0.3 IU + lucigenin 10lucigenin 10 10–4 M + buffer pH 7.4/25 �C + ferritin (0.01 mg/ml)buffer pH 7.4/25 �C + ferritin (0.01 mg/ml) pH 7.4/25 �C + ferritin (0.01 mg/ml)ferritin (0.01 mg/ml) (0.01 mg/ml)mg/ml)/ml)ml))

D. CALCULATION OF THE CONSTANTS OF INHIBITION

The constants of inhibition about the tested proteins (albumin and ferritin) 
and chelators (desferal, ATP and EDTA) are calculated. Albumin appears most 
effective inhibitor of the free radical oxidation in all three examined systems, 
when applied in concentrations 4-times lower than physiological health levels 
(Table 2). 

Desferal, EDTA and ATP possess strongest chelative activity in Fenton�s 
system at alkal pH. These facts are easily explained with the high content of 
active iron (Fe(FeFe2+) in the system for generation of in the system for generation of .ОН-radicals in comparison-radicals in comparison 
to the other two systems (for generation of ОО2

-.-radicals). Lowest values of the 
constants of inhibition are calculated for these substances in the xanthine–xan-
thine oxidase system at pH 6.0 (Table 3).



63

Ta
bl

e.
2.. 2

. C
on

st
an

ts
of

in
hi

bi
tio

n
in

Fe
nt

on
`s

(F
eS

O
C

on
st

an
ts

of
in

hi
bi

tio
n

in
Fe

nt
on

`s
(F

eS
O

 o
fi

nh
ib

iti
on

in
Fe

nt
on

`s
(F

eS
O

of
in

hi
bi

tio
n

in
Fe

nt
on

`s
(F

eS
O

 in
hi

bi
tio

n
in

Fe
nt

on
`s

(F
eS

O
in

hi
bi

tio
n

in
Fe

nt
on

`s
(F

eS
O

 in
Fe

nt
on

`s
(F

eS
O

in
Fe

nt
on

`s
(F

eS
O

 F
en

to
n`

s(
Fe

SO
Fe

nt
on

`s
(F

eS
O

`s
(F

eS
O

s(
Fe

SO
 (F

eS
O

4-
HH

2О
2)

, N
A

D
.H

-p
he

na
zi

ne
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

N
A

D
.H

-p
he

na
zi

ne
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

.H
-p

he
na

zi
ne

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
H

-p
he

na
zi

ne
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 - 
ph

en
az

in
e

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
ph

en
az

in
e

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 a

nd
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 x

an
th

in
e

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 –
 x

an
th

in
e

ox
id

as
e

sy
st

em
s

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 o
xi

da
se

sy
st

em
s

ox
id

as
e

sy
st

em
s

 sy
st

em
s

sy
st

em
s  

at
pH

6.
0,

pH
7.

4,
pH

8.
0

/2
5

 p
H

 6
.0

, p
H

 7
.4

, p
H

 8
.0

 / 
25

 °С
: a

lb
um

in
(0

.0
1

m
g/

m
l;

0.
04

m
g/

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
al

bu
m

in
(0

.0
1

m
g/

m
l;

0.
04

m
g/

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
 (0

.0
1 

m
g/

m
l;

0.
04

m
g/

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
m

g/
m

l;
0.

04
m

g/
m

l),
fe

rr
iti

n
(0

.0
1

m
g/

m
l)

/m
l;

0.
04

m
g/

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
m

l;
0.

04
m

g/
m

l),
fe

rr
iti

n
(0

.0
1

m
g/

m
l)

; 0
.0

4 
m

g/
m

l),
fe

rr
iti

n
(0

.0
1

m
g/

m
l)

m
g/

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
/m

l),
fe

rr
iti

n
(0

.0
1

m
g/

m
l)

m
l),

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
), 

fe
rr

iti
n

(0
.0

1
m

g/
m

l)
fe

rr
iti

n
(0

.0
1

m
g/

m
l)

 (0
.0

1 
m

g/
m

l)
m

g/
m

l)
/m

l)
m

l))

Sy
st

em

Fe
nt

on
�s

 
N

A
D

.H
 –

 p
he

na
zi

ne
 m

et
os

ul
fa

te
X

an
th

in
e 

– 
xa

nt
hi

ne
 o

xi
da

se

K
(m

g/
m

l.s
ec

m
g/

m
l.s

ec
/m

l.s
ec

m
l.s

ec.se
c

se
c-1

)
pH

 6
.0

K
 

(m
g/

m
l.s

ec
m

g/
m

l.s
ec

/m
l.s

ec
m

l.s
ec.se
c

se
c-1

)
pH

 7
.4

K
 

(m
g/

m
l.s

ec
m

g/
m

l.s
ec

/m
l.s

ec
m

l.s
ec.se
c

se
c-1

)
pH

 8
.0

K
 

(m
g/

m
l.s

ec
m

g/
m

l.s
ec

/m
l.s

ec
m

l.s
ec.se
c

se
c-1

)
pH

 6
.0

 K
 

(m
g/

m
l.s

ec
m

g/
m

l.s
ec

/m
l.s

ec
m

l.s
ec.se
c

se
c-1

)
pH

 7
.4

 K
 

(m
g/

m
l.s

ec
m

g/
m

l.s
ec

/m
l.s

ec
m

l.s
ec.se
c

se
c-1

)
pH

 8
.0

K
(m

g/
m

l.s
ec

m
g/

m
l.s

ec
/m

l.s
ec

m
l.s

ec.se
c

se
c-1

)
pH

 6
.0

 K
(m

g/
m

l.s
ec

m
g/

m
l.s

ec
/m

l.s
ec

m
l.s

ec.se
c

se
c-1

)
 p

H
 7

.4

 K
(m

g/
m

l.s
ec

m
g/

m
l.s

ec
/m

l.s
ec

m
l.s

ec.se
c

se
c-1

)
pH

 8
.0

A
lb

um
in

0.
04

m
g/

m
l

 m
g/

m
l

m
g/

m
l

0.
36

1.
08

3.
55

0.
27

0.
40

3.
55

-0
.0

5
0.

25
1.

88

A
lb

um
in

0.
01

 
m

g/
m

l
0.

19
0.

09
2.

17
0.

18
0.

34
0.

81
0.

01
0.

17
2.

89

Fe
rr

iti
n

0.
01

m
g/

m
l

 m
g/

m
l

m
g/

m
l

g/
m

l
/m

l
0.

75
4.

27
9.

36
0.

26
0.

26
0.

55
0.

03
0.

12
0.

49

Ta
bl

e.
�. �

 C
on

st
an

ts
of

in
hi

bi
tio

n
in

Fe
nt

on
`s

(F
eS

O
 o

fi
nh

ib
iti

on
in

Fe
nt

on
`s

(F
eS

O
of

in
hi

bi
tio

n
in

Fe
nt

on
`s

(F
eS

O
 in

hi
bi

tio
n

in
Fe

nt
on

`s
(F

eS
O

in
hi

bi
tio

n
in

Fe
nt

on
`s

(F
eS

O
 in

Fe
nt

on
`s

(F
eS

O
in

Fe
nt

on
`s

(F
eS

O
 F

en
to

n`
s(

Fe
SO

Fe
nt

on
`s

(F
eS

O
`s

(F
eS

O
s(

Fe
SO

 (F
eS

O
4-

HH
2О

2)
, N

A
D

.H
-p

he
na

zi
ne

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
N

A
D

.H
-p

he
na

zi
ne

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
.H

-p
he

na
zi

ne
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

H
-p

he
na

zi
ne

m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 - 

ph
en

az
in

e
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

ph
en

az
in

e
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 m
et

os
ul

fa
te

an
d

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
m

et
os

ul
fa

te
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 a
nd

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
an

d
xa

nt
hi

ne
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

 x
an

th
in

e
–

xa
nt

hi
ne

ox
id

as
e

sy
st

em
s

xa
nt

hi
ne

–
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 –

 x
an

th
in

e
ox

id
as

e
sy

st
em

s
xa

nt
hi

ne
ox

id
as

e
sy

st
em

s
 o

xi
da

se
sy

st
em

s
ox

id
as

e
sy

st
em

s
 sy

st
em

s
sy

st
em

s  
at

pH
6.

0,
pH

7.
4,

pH
8.

0
/2

5
 p

H
 6

.0
, p

H
 7

.4
, p

H
 8

.0
 / 

25
 °С

:A
TP

(1
0

 A
TP

(1
0

 (1
010

-4
M

), 
ED

TA
(1

0
ED

TA
 (1

0
(1

010
-4

M
), 

de
sf

er
al

(1
0

de
sf

er
al

 (1
0

(1
010

-4
M

)

Sy
st

em
 

Fe
nt

on
�s

N
A

D
.H

 –
 p

he
na

zi
ne

 m
et

os
ul

fa
te

X
an

th
in

e 
– 

xa
nt

hi
ne

 o
xi

da
se

K
  (

М
.se

c
se

c-1
) 

 p
H

 6
.0

 K
 (М

.se
c

se
c-1

)
 p

H
 7

.4
K

 (М
.se

c
se

c-1
) 

pH
 8

.0
K

(М
.se

c
 (М

.se
c

(М
.se

c
se

c-1
) 

 p
H

 6
.0

 K
 (М

.se
c

se
c-1

)
 p

H
 7

.4
K

(М
.se

c
 (М

.se
c

(М
.se

c
se

c-1
) 

pH
 8

.0
K

 (М
.se

c
se

c-1
) 

 p
H

 6
.0

K
(М

.se
c

 (М
.se

c
(М

.se
c

se
c-1

)
 p

H
 7

.4
K

(М
.se

c
 (М

.se
c

(М
.se

c
se

c-1
) 

pH
 8

.0

AT
P 

10
-4

 M
36

.1
5

17
5.

45
54

5.
4

4.
94

15
.3

5
45

.1
5

- 1
.9

6
16

.9
5

22
.2

ED
TA

10
-4

M
48

.5
5

11
1.

65
65

3.
5

16
.8

7.
1

12
0.

7
1.

06
2.

15
7.

5

D
es

fe
ra

l
10

-4
M

23
.3

5
13

9.
35

71
4.

5
29

.4
5

22
.2

81
.5

5.
2

6.
5

47
.9

5



64

4. DISCUSSION

Three stages are defined in the kinetics of the reaction between ferritin, 
albumin and ROS: spontaneous (0–20 s), fast flash (20spontaneous (0–20 s), fast flash (20(0–20 s), fast flash (20, fast flash (2020−40 s) and latent pe-0 s) and latent pe-
riod (50 (50(50−200 s). The interaction between ferritin, albumin and free radicals00 s). The interaction between ferritin, albumin and free radicalsThe interaction between ferritin, albumin and free radicals 
and ROS, generated in the system, decreases sharply the CL-response. The 
calculated constants of inhibition demonstrate that albumin possesses strong 
antioxidant activity when applied in lower than physiological values; ferritin 
is most effective in the NAD.H–PMS system, for the whole range of tested pH 
levels. 

The complex-forming agents (desferal, ATP, EDTA) are able to connect 
tightly with the iron ions. It should be noticed that FeFe3+-salts which are formedsalts which are formed 
in the organism are not stable. They exist in vivo mainly as complex substances 
with adenylphosphates and organic acids. Thus no quantities of the insoluble 
Fe(OH)(OH)OH))3 are formed [1]. 

There exist stable compounds with iron in the organism, which appear its 
transporters. For instance, deferoxamine (desferal) is applied in medicine as a 
chelator to active free iron ions in patients with β-thalassemia major [18].thalassemia major [18].

Desferal activates the auto-oxidation  of ferric ions. This is con-
firmed with lower FeFe2+-concentrations and higher FeFe3++- and oxygen radicals` 
concentrations. Protons are detached in these reactions. The mechanism is 
through step-by-step hydrolysis:

Fe(H2O2)6
3+ → Fe(H2O)5(OH)2+ + H+ (9)

Fe(H2O)5 → Fe(H2O)4(OH)2
+ + H+ (10)

Fe(H2O2)5(OH)2+ → Fe(H2O)8(OH)2
2+ + 2H2O (11)

As a result, desferal removes the water molecules from the six coordina-
tive locations of FeFe3+, suppresses its hydrolysis forming iron complexes. Des- suppresses its hydrolysis forming iron complexes. Des-
feral binds FeFe3+ by the –NH2 groups releasing 3 proton particles [19].

Probably, the iron release from the ferritin molecule is according to the 
following scheme:

Fe NH + Fe Fe FeD Fe FeD2
2+ 2+ +O 3+2−  → −  → −

 (12)

FeD Fe2+ →  (13)

F Fe FRox.2+ →  →  (14)

Two Fe2+-atoms are bound to the protein (P) in close proximity, allowing theatoms are bound to the protein (P) in close proximity, allowing the 
formation of an –OH-bridged Fe2+ dimmer. The oxygen molecule binds to 
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one of the Fa2+-atoms allowing oxidation of both of them with concomitant 
formation of HH2O2 [20]. The oxidation of the two Fe2+-ions occurs without priorions occurs without prior 
formation of an –OH-bridge between them, but with bridging either through a 
water molecule or through the dioxygen itself.

P Fe H O P Fe H O  Fe  P

P Fe HO  Fe  

2+
2

Fe3+ 2+
2

2+

2+ - 2+

− −  → − − − −  →

− − − + HH P Fe OH  Fe O )  P

P Fe O  Fe  P

+ 3+ - 2+
2

3+ 2- 3+

O H2 → − − − − −  →

− − − −

+
(

  + H O .2 2

It is established that after its oxidation, the ferritin molecule is split to nu-
merous dimmer structures, which leads to migration of one or two atoms from 
the ferroxidase center of the iron nucleus through the three-fold channels:

P Fe O  Fe  P P Fe HO  Fe  P

P Fe

3+ 2- 3+ 3+ - 3+ 2

3+

H H O2− − − −  → − − − −  →

−

+

−− + − −HO H O  Fe  P-
2

3+

One electron oxidation is possible only if one Fe3+-ion is left in the ferroxidase 
center and is reduced to Fe2+.

There exists an earlier oxidation scheme which differs from the previous 
one. According to it, the oxygen molecule is connected between two Fe2+-
atoms of the adjacent subunits and both oxygen atoms are joined later to the 
nucleus [21].

Free ferric ions activate the processes of free radical oxidation and genera-
tion of ROS. These reactions could be catalyzed by other metals with chang-
ing valency too. But only ferric ions are in sufficient concentrations in vivo. 
Erythrocytes injury and the release of active iron in the serum cause serious 
cell damage after its reaction to oxygen and the subsequent generation of cyto-
toxic radical intermediates [22]. The compensation therapy of oxidative stress 
in such pathology is by chelators, such as desferal, which control and prevent 
the accumulation of free active iron within the tissues, suppress the generation 
of ROS and regulate the process of free radical lipid peroxidation [23]. These 
facts show the actuality of one of the proposed tasks of this experimental re-
search – comparison between the chelative effects of desferal, ATP and EDTA 
in different systems for generation of free radicals and ROS, in a range of acid, 
neutral and alkal pH of the medium.

One should take into advance that chelators change the potentials of oxi-
dation and reduction about the FeFe3+/ Fe2+ pair in water solution. It is 0.77 V in water solution. It is 0.77 V 
about the free ions. The redox potential of the Fethe FeFe3+/ Fe2+ pair is decreased in 
the reaction with complex-forming agents, which facilitates the electron trans-
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fer from FeFe2+ to other structures, including dioxygen (Ocluding dioxygen (Oluding dioxygen (O2) (Table 4). A simple (Table 4). A simple 
example about that fact is the auto-oxidation of FeFe2+ in water solutions with 
different alkality. Fe(OH)+ andand Fe(OH)2+ are produced if hydroxide ions (produced if hydroxide ions ((-ОН)) 
are present within the medium. The redox potential of the Fe(OH)within the medium. The redox potential of the Fe(OH)Fe(OH)+/ Fe(OH)2+ 
pair is 0.30 V. This results in fast iron oxidation in alkal medium (the redoxis 0.30 V. This results in fast iron oxidation in alkal medium (the redox 0.30 V. This results in fast iron oxidation in alkal medium (the redoxV. This results in fast iron oxidation in alkal medium (the redox. This results in fast iron oxidation in alkal medium (the redoxthe redox 
potential of the О ОО2

-./ОО2 pair is –0.33 V). The irreversibility of this reaction ispair is –0.33 V). The irreversibility of this reaction is –0.33 V). The irreversibility of this reaction isV). The irreversibility of this reaction is). The irreversibility of this reaction is 
secured by the production of Fe(OH)Fe(OH)3 sediment. On the contrary, the solutions. On the contrary, the solutions 
of FeFe2+ in acid medium are stable because the production of Fe(OH)Fe(OH)3 is not 
possible [1]. Fast oxidation of FeFe2+ can also be observed in the presence of 
EDTA, orthophosphate, desferal and citrate. These reagents cause decrease on 
the redox potential of the Fe3+/ Fe2+ pair (Table 4).Table 4).4).

Table 4. 4. Redox potential values about the FeRedox potential values about the Fe potential values about the Fepotential values about the Fe values about the Fevalues about the Fe about the Feabout the Fe the Fethe Fe Fe3+/ Fe2+ pair, measured in the presencepair, measured in the presence  
of complex-forming agents at рН 7.0 рН 7.0рН 7.0 7.0

Reaction Е0' (V)V))
Fe3+ + е- → Fe2+ 0.77
Fe(OH)(OH)OH))2+ + е- → Fe(OH)(OH)OH))+ 0.33
EDTA-Fe-Fe3+ + е- → EDTA-FeEDTA-Fe-Fe2+ 0.12
Desferal-FeFe3+ + ее- → desferal-FeFe2+ –0.45
1,10 phenatropin-Fephenatropin-Fe-Fe3+ + е- → 1,10 phenatropin-Fephenatropin-Fe-Fe2+ 1.1
Cytochrome с-Fe с-Fe3+ + е- → cytochrome с-Fecytochrome с-Fe с-Fe2+ 0.27
Ferritin-Fe-Fe3+ + ее- → ferritin-Feferritin-Fe-Fe2+ –0.19
Transferrin-Fe-FeFe3+ + е- → transferrin-Fetransferrin-Fe-FeFe2+ 0.40

Some authors prove that the mixture of ferric ions and desferal resultsresults 
only in the generation of hydroxyl radicals (�OH) [22]. The experiment is per-(�OH) [22]. The experiment is per-�OH) [22]. The experiment is per-) [22]. The experiment is per-The experiment is per-
formed in acid medium, where most of the products are hydroperoxide radi-
cals (НО(НОНО2·) – a result from the oxidation of iron. It dismutates as the product 
of this reaction is hydrogen peroxide (НН2О2) which is the source of hydrox-which is the source of hydrox-
yl radicals (�OH). Other authors register the production of superoxide radi-(�OH). Other authors register the production of superoxide radi-�OH). Other authors register the production of superoxide radi-). Other authors register the production of superoxide radi-
cals ( 2O−

 ) within the same system [22, 23]. The experiment is performed at within the same system [22, 23]. The experiment is performed at  
рН 7.4. Within these conditions predominantly are formed long-living super- 7.4. Within these conditions predominantly are formed long-living super-. Within these conditions predominantly are formed long-living super-predominantly are formed long-living super- are formed long-living super-
oxide radicals (( 2O−

 ) in advantage to the short-living hydroxyl radicals (�OH).in advantage to the short-living hydroxyl radicals (�OH).(�OH).�OH).). 
These data support the thesis that the complex-forming agents change the re-
dox potential of the FeFe3+/ Fe2+ pair, accelerate the oxidation of iron, accom-accelerate the oxidation of iron, accom-
panied with the generation of ROS. Hence the reagents forming complexes 
with iron could possess prooxidant or antioxidant activity depending on the 
conditions of the reaction. The antioxidant activity is defined with the fast oxi-
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dation reaction between FeFe2+-ions and chelators which switches them off other 
possible oxidation. The prooxidant activity depends on the oxidation reactionThe prooxidant activity depends on the oxidation reaction 
between FeFe2+ and oxygen and the subsequent generation of ROS. One should 
also take in mind that some complex-forming agents maintain Femaintain FeFe3+-ions in 
soluble, catalyc active state.

Finally, we can define three different mechanisms of the activity of the 
complex-forming agents towards ferric ions. The first option is to extract these 
ions from the redox reactions. The second effect is the possibility to produce 
complex compounds, which do not hinder the participation of ferric ions in 
redox reactions but counteract the sedimentation of insoluble iron hydroxides. 
The third alternative is to change the redox potential of ferric ions with subse-
quent acceleration or detention of the redox reactions.

5. CONCLUSION

The chemiluminescent method is suitable to research the interactions be-
tween ferritin, albumin and ROS in model systems by.

The achieved results demonstrate that ferritin possesses no antioxidant 
activity in the Fenton�s system which is probably due to oxidation of the 
protein partition of the molecule. It shows the following effects in the other 
two tested systems: NAD.H-phenazine metosulfate – antioxidant activity 
about the whole range of tested pH; xanthine–xanthine oxidase – prooxidant  
effect.

Albumin stimulates smoothly the oxidation reaction when applied in phys-
iological concentrations in the Fenton�s system at all tested pH of the medium. 
Its chelative effect is manifested when applied in lower concentration at alkal, 
neutral and acid pH. Albumin exhibits no effect of inhibition in the systems 
NAD.H-phenazine metosulfate and xanthine–xanthine oxidase at pH 8.0.

The experimental data confirm that desferal, ATP and EDTA are most ef-
fective chelators in the Fenton�s system about the whole range of tested acidity 
which is linked to the alternations of the redox status of ferric ions.

The combined therapy with effective chelators and natural or synthetic 
antioxidants could be very helpful in clinical practice as far as the oxidative 
stress condition in pathology is accompanied with high concentrations of free 
radicals and ROS, accumulation of free radical lipid peroxidation products and 
suppressed antioxidant capacity in the organism.
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