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Abstract--The mechanism of the inhibitory effects of chelators (desferrioxamine, EDTA, rutin, phen- 
anthroline and ADP) on the production of oxygen radicals in the Fenton reaction and on lipid 
peroxidation of rat brain homogenates has been studied. It was found that the inhibitory effects of the 
chelators correlated well with their abilities to oxidize ferrous ions in solution and brain homogenates. 
On these grounds, it was concluded that the oxidation of Fe 2÷ ions inside a ferrous ion-chelator complex 
is a major mechanism of inhibitory effects of these chelators on free radical processes. It is proposed 
that this mechanism is also realized during therapeutic treatment with chelators of patients with "free 
radical" pathologies such as Fanconi anemia, #-thalassemia and Diamond-Blackfan anemia. 
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Compounds possessing chelating properties can be 
used in the treatment of many "free radical" 
pathologies including atherosclerosis [1], Fanconi 
anemia [2, 3], and especially diseases associated 
with iron overload such as, thalassemia, Down's 
syndrome, etc. [4-7]. Since many of these diseases 
are associated with disturbances of iron metabolism, 
one may propose that the chelators manifest their 
therapeutic activity by removing or inactivating iron 
ions. It is usually accepted that the toxic effects of 
iron ions is a consequence of catalytic decomposition 
by ferrous ions of hydrogen peroxide or hydro- 
peroxides to form active hydroxyl and oxyl radicals 
(reactions 1 and 2): 

Fe 2+ + H202--+ Fe 3+ + HO" + H O -  (1) 

(The Fenton reaction) 

Fe 2+ + ROOH--+ Fe 3+ + RO'  + H O - .  (2) 

These reactions are believed to be the initiation 
steps of many free radical damaging processes (lipid 
peroxidation, oxidative modification of proteins and 
lipoproteins, an increase in chromosome aberrations, 
etc.). 

In this investigation we studied the inhibitory 
effects of five iron chelators: desferrioxamine, rutin 
(a bioflavonoid, vitamin B), EDTA,  ADP and 
phenanthroline on lipid peroxidation of rat brain 
homogenates and compared them with the effects 
of these compounds on oxygen radical production 
in the Fenton reaction and on the oxidation of 
ferrous ions in solution and of brain homogenates. 
Peroxidation of brain homogenates may be con- 
sidered a model of free radical destructive processes 
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$ Abbreviations: CL, chemiluminescence; ESR, electron 

spin resonance; TBA, 2-thiobarbituric acid; AOA, 
antioxidant activity 

initiated by endogenous iron. We found that the 
inhibitory activities of chelators correlated more 
closely with their ability to oxidize ferrous ions; this 
process could be an important factor in their 
therapeutic activities. 

MATERIALS AND METHODS 

Chemicals 
Desferrioxamine B was from CIBA-Geigy (Basel, 

Switzerland), o-phenanthroline was from Serva 
(Heidelberg, F .R.G.) ,  ADP was from Reanal 
(Budapest, Hungary). TBA$ was from Fluka (Buchs, 
Switzerland), SDS and phosphotungstic acid were 
from the Sigma Chemical Co. (St Louis, MO, 
U.S.A.).  Rutin and EDTA were of U.S.S.R. 
production. 

Preparation of rat brain homogenates 
The whole rat brain (2.5-3.0 g) was homogenized 

in 10 mM Tris-HCl buffer (15 mL, pH 7.4) at 5 ° and 
centrifuged at 1000 g for 15 min. The supernatant 
obtained was then diluted three times with Tris-HC1 
buffer and used immediately for the determination 
of AOA.  For determination of iron content, brain 
samples were homogenized in 10 mM Tris-HC1 
buffer (10mL) and used without preliminary 
centrifugation. 

Measurement of AOA 
(a) Optical spectrophotometric technique [8]. Two 

10% supernatant samples (6 mL each) in Tris-HC1 
buffer obtained from brain homogenate were 
incubated at 37 ° and continuously mixed for 2 hr 
with or without a chelator (70 #M). Peroxidation 
was terminated by adding 1.5% H3PO 4 (3 mL) and 
EDTA (200 ~uM) to the incubation mixture (0.25 mL). 
Then, 0.5% solution of TBA (1 mL) was added, 
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and the solution was heated for 45min. After 
centrifugation of precipitated proteins at 1800 g, the 
content of TBA reactive substances was determined 
by measuring the absorbance at 532 nm. AOA of 
chelators was calculated with Eqn 3: 

Ach -- Ao 
AOA (3) 

Acont -- Ao 

Here, Ach is an absorbance at 532 nm in the presence 
of a chelator, Acont is a control value (without a 
chelator), and Ao is an absorbance of supernatant 
sample stored without any treatment. 

(b) Fluorescence spectrophotometric technique [9]. 
A 10% homogenate solution in 0.9% NaC1 was 
incubated with and without chelator (70/~M) at 37 ° 
and continuously mixed for 2hr. Then, 7% 
SDS solution (0.2mL), 0.1N HC1 (2mL), 10% 
phosphotungstic acid (0.3 mL), and twice distilled 
water (0.4 mL) were added to the incubation mixture 
(0.1 mL) at room temperature. After 5 min, 0.67% 
2-TBA solution [solved in acetic acid (1:1), 1 mL] 
was added, and the mixture was heated at 90 ° for 
45 min. After cooling, butanol (5 mL) was added 
and after centrifugation the content of TBA reactive 
substances was determined on a Perkin Elmer 
Fluorimeter (515 nm for excitation and 553 nm for 
emission). AOA was calculated as described above. 

CL measurements 
(a) The Fenton reaction. Luminol (50juM), 

hydrogen peroxide (1.3 mM), and a chelator (0- 
70/tM) were mixed in Tris-HCl buffer (pH 7.4) in 
the 1-mL cell of a luminometer. CL was registered 
continuously, after starting the reaction by the 
addition of FeSO4 (10 #M). 

(b) Autoxidation of ferrous ions in solution. 
Luminol (200/~M) or lucigenin (80 ~M) were added 
to 10 mM Tris-HC1 buffer (pH 7.4) containing FeSO4 
(50 ~M) and a chelator (200/~M) at 25 °, and CL was 
registered continuously. 

Determination of endogenous free iron in rat brain 
homogenates by the ESR method 

The content of free iron ions in brain homogenate 
was determined by measuring the amplitude of an 
ESR signal of the Fe3+-nitroxide complex with the 
g factor of 2.03 [10]. The samples of brain 
homogenate (1.0 mL) and a chelator in 100/~M Tris- 
HC1 buffer (0.5mL) were mixed at 25 ° . Then 
reaction mixture (0.9 mL) was incubated with 40% 
NaNO2 solution (0.1 mL) for 10 min and frozen at 
the temperature of liquid nitrogen, and ESR spectra 
were recorded. 

Determination of ferrous ions in solution 
Fe z+ concentration in solution was determined by 

a phenanthroline method as described earlier [11]. 
Optical spectra were recorded on a Beckman DU-7 
spectrophotometer, and fluorescence spectra were 
recorded on a Perkin Elmer fluorimeter. CL was 
measured on a LKB 1251 luminometer (Wallach 
Oy, Finland) and ESR spectra were recorded on a 
Varian E-4 ESR spectrometer. 

RESULTS 

The addition of ferrous ions to hydrogen peroxide 

0.08 

E 
c 

Lo 0.06 
co 
LO 

0.04 
c 

"~ 0.02 
..Q 
< 

0.00 .L  
0 

B 
/ 

/ 
/ 

1000[ , 500 

d oL:~ \ 
0 5 1 0 1 5 2 0 2 5  

T~me(sec) 

4 '0  . . . .  8'0 1:~0 
] ] m e  (rnin) 

Fig. 1. (A) Luminol-amplified CL in the Fenton reaction. 
Luminol (50/~M) and hydrogen peroxide (1.3 mM) were 
mixed in Tris-HCl buffer (pH 7.4), and the reaction was 
started by adding FeSO4 (10#M). (B) Kinetics of the 
formation of TBA reactive substances in the peroxidation 
of rat brain homogenate. A 10% supernatant sample of 
brain homogenate in Tris-HCl buffer (6 mL) was incubated 
at 37 ° and continuously mixed. The reaction was terminated 
by the addition of 1.5% H=PO4 and EDTA, and TBA 

reactive substances were measured. 

in Tris-HC1 buffer almost immediately induced 
luminol-dependent CL (Fig. 1A), which was 
effectively inhibited by rutin, phenanthroline, 
desferrioxamine and EDTA (Fig. 2) (I50 values equal 
to 6, 8, 12 and 23 ~M, respectively). Contrary to 
that, ADP only slightly inhibited CL at low 
concentrations (up to 20 ~M) and practically did not 
affect it at concentrations greater than 60-70/tM. 

The formation of TBA reactive substances during 
the autoxidation of brain homogenates was measured 
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Fig. 2. The effects of chelators on luminol-amplified CL in 
the Fenton reaction. Experimental conditions are the same 
as in Fig. 1A. CL intensity without chelators is taken as 
100%. Each point is an average of four experimental 
results, SD ± 2%. 1, ADP; 2, EDTA; 3, desferrioxamine; 

4, phenanthroline; 5, rutin. 
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Fig. 3. Average values of AOA of chelators (N = 9, +- SD) 
in lipid peroxidation of rat brain homogenates. 
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Fig. 4. Kinetics of ferrous ion autoxidation in solution in 
the presence and absence of chelators. FeSO4 (200 ItM) 
and a chelator (70 ItM) were incubated in Tris-HC1 buffer 
(pH 7.4) and then o-phenanthroline (1 mM) was added. The 
content of Fe2+-phenanthroline complex was determined 
spectrophotometrically [11]. 1, Without chelators; 2, with 
ADP; 3, with desferrioxamine; 4, with rutin; 5, with 

EDTA. 

spectrophotometrically as described by Stocks et al. 
[8] (Fig. 1B). Used at concentrations which 
completely inhibit luminol-dependent CL in the 
Fenton reaction (70/~M), rutin, phenanthroline 
and desferrioxamine effectively inhibited lipid 
peroxidation of brain homogenates (values of A O A  
were about 75-85%); a value of A O A  for EDTA 
was slightly smaller (about 65%) (Fig. 3). Again, 
the effect of A D P  was quite different: it caused lipid 
peroxidation (the A O A  was - 3 5 % ) .  Similar results 
were obtained when the reaction was carried out in 
accord with the experimental technique described 
by Niwa et al. [9]. The values of AOAs  for rutin, o- 
phenanthroline, desferrioxamine and E D T A  were 
65 -+ 10% (data not shown). 

Ferrous ions were slowly oxidized at pH 7.4 in 
Tris-HCl buffer (Fig. 4, Curve 1). The addition 
of all chelators sharply increased the rate of 
autoxidation: rutin, EDTA and desferrioxamine 
immediately oxidized ferrous ions into ferric ions 
(Fig. 4, curves 3, 4 and 5), while A D P  gave a smaller 
effect (Fig. 4, curve 2). Autoxidation of ferrous ions 
in the presence of desferrioxamine and EDTA was 
accompanied by luminol-amplified CL, but no CL 
was observed in the presence of rutin, ADP and 
phenanthroline (Fig. 5). (Desferrioxamine and rutin 
also induced a very weak lucigenin-dependent CL, 
data not shown.) Desferrioxamine, phenanthroline, 
rutin and EDTA also sharply decreased (by 70- 
85%) the level of "free" ferrous ions in brain 
homogenates (Fig. 6), while ADP did not change or 
even increase it. (The content of ferrous ions in the 
presence of A D P  was 120 --- 20.) 

D I S C U S S I O N  

Of all the chelators used only the effects of EDTA 
and ADP on free radical production in the in vitro 
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Fig. 5. Stimulation by chelators of luminol-amplified CL. 
FeSO4 (50/~M) was added to the solution of luminol 
(100/~M) and a chelator (200/~M) in 10mM Tris-HC1 

buffer and CL was registered continuously. 

systems have been previously studied. EDTA was 
found to be the most active catalyst of hydroxyl 
radical production from H20 2 decomposition (the 
Fenton reaction, Eqn 1) [12, 13]. ADP appears also 
to be able to catalyse the Fenton reaction, although 
possessing a smaller catalytic activity [14]. Catalytic 
effects of EDTA and ADP might be explained by a 
decrease in the reduction potential of the Fe3+/Fe 2+ 
couple or by lessening the rate of oxidation of active 
ferrous ions into inactive ferric ions [14]. 



798 A. B. KOZLOV, E. A. OSTRACHOVITCH and I. B. AFANAS'EV 

"~3  
0 

E t -  

~ 2 
c 
0 

'- 1 

0 

E 
O 

U 
4 

ta 

g s 
. _  c 

g 
m 

Fig. 6. Average concentrations (N=4 ,  -+ SD) of 
endogenous ferrous ions in rat brain homogenates in the 
absence and presence of chelators. The samples of brain 
homogenate (1 mL) and a chelator [100/uM in Tris-HCl 
buffer (0.5 mL)] were mixed at 25 °. Then the incubation 
mixture (0.9mL) was mixed with 40% NaNO2 solution 
(0.1 mL), and the ESR spectrum of Fe3+-nitroxide was 

recorded at liquid nitrogen temperature. 
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Fig. 7. Correlation between the ferrous ion content m rat 
brain homogenate in the presence of chelators and the 

values for the AOAs of chelators. 

In contrast, A D P  and E D T A  usually exhibit 
opposite effects in lipid peroxidation: A D P  enhances 
the rate of lipid peroxidation, while E D T A  inhibits 
[15]. From these observations, some authors 
concluded that the formation of hydroxyl radicals is 
of small importance for the initiation of lipid 
peroxidation [ 16-18]. However,  there are exceptions; 
thus, E D T A  accelerated the rate of linoleate 
peroxidation [19] and exhibited a biphasic effect on 
the peroxidation of brain microsomes, enhancing 
the peroxidation rate at F e 2 ÷ / E D T A >  1 and 
diminishing it at FeZ+/EDTA < 1 [20]. 

Our data suggest a new mechanism for the 
inhibitory action of chelators in free radical processes. 
As is seen from Fig. 4, EDTA,  desferrioxamine and 
rutin almost immediately oxidized Fe 2÷ ions, while 
ADP exhibited a significantly smaller effect. This 
suggests that the acceleration of Fe 2+ oxidation 
inside a Fe2+-chelator complex is a major cause of 
the inhibitory effects of chelators on the processes 
catalysed by ferrous ions. Indeed, the chelators, 
which induced rapid oxidation of ferrous ions in 
solution (for example, rutin and desferrioxamine), 
also exhibited the strongest inhibitory effects on the 
generation of active oxygen species capable of 
stimulating luminol-dependent CL in the Fenton 
reaction (Fig. 2). On the other hand, A D P  has the 
weakest effects on both the oxidation of ferrous ions 
and luminol-dependent CL in the Fenton reaction. 

In some ways E D T A  is an exception to this rule 
since it rapidly oxidized Fe 2÷ ions but was a less 
effective inhibitor of luminol-dependent CL in the 
Fenton reaction than rutin, desferrioxamine or o- 
phenanthroline (Fig. 2). This can possibly be 
explained by a strong catalytic effect of the Fe 2÷- 
EDTA complex on hydroxyl radical production in 
this reaction [12,13]. Thus, the total effect 
of chelators apparently depends on competition 

between the Fenton reaction (Eqn 5) catalysed by 
an Fe2+-chelator complex and the autoxidation of 
this complex (Eqn 6): 

Fe 2÷ + chelator ~ Fe2+-chelator (4) 

Fe2+--chelator + H202 
Fe3+-chelator + HO" + H O -  (5) 

Fe2+-chelator + 02 ~ Fe3+-chelator + O~. (6) 

As the complex formation of ferrous ions by E D T A  
increases the rate of the Fenton reaction by approx. 
1000 times (Ref. 15, p. 201), EDTA seems to be the 
only chelator for which the rate of reaction (Eqn 5) 
becomes comparable with that of reaction 6. In 
addition, there may be other pathways, by which 
chelators inhibit oxygen radical formation in the 
Fenton reaction. One of them is that chelators also 
scavenge superoxide ion participating in the redox 
cycling of Fe3÷/Fe 2+ pair. Indeed, we have shown 
earlier [21, 22] that rutin and the Fe3÷-rutin complex 
are able to react with superoxide ion. However,  in 
our case this mechanism seems to be unimportant 
because the ability of the chelators studied to catalyse 
ferrous ion oxidation corresponded well with their 
ability to suppress oxygen radical production by the 
Fenton reaction. 

We suggest that the oxidative mechanism of the 
inhibitory effects of chelators also occurs in the 
peroxidation of brain homogenates. It can be seen 
(Fig. 6) that the addition of rutin, desferrioxamine, 
phenanthroline and EDTA to brain homogenates 
induced rapid oxidation of "free" ferrous ions, while 
ADP was inactive. The same tendency was observed 
for the inhibitory effects of chelators on brain 
homogenate peroxidation where ADP even acquired 
prooxidant activity (Fig. 3). Consequently, a good 
correlation was observed between the efficiency of 
Fe 2+ oxidation in brain homogenates and the values 
of A O A s  for the chelators studied (Fig. 7). We also 
used another and possibly a more sensitive 
experimental technique [9] to check the values of 
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AOA of chelators using the method developed by 
Stocks et al. [8]. There was no significant difference 
in the results obtained. 

Reaction 6 indicates that superoxide may be 
formed during the oxidation of Fe2+-chelator 
complexes. As mentioned above, superoxide ions 
may participate in redox cycling of Fe3÷/Fe 2÷ pair 
and some other damaging free radical processes. To 
evaluate these potentially toxic effects, we measured 
the production of active oxygen species during the 
autoxidation of ferrous ions at physiological pH in 
the presence of chelators (Fig. 5). It is seen that 
desferrioxamine and to a lesser extent EDTA 
stimulated luminol-amplified CL, while rutin, 
phenanthroline and ADP were inactive. Similar but 
smaller CL responses were observed when lucigenin 
was used instead of luminol (data not shown). Both 
luminol- and lucigenin-dependent CL responses were 
completely inhibited by superoxide dismutase 
(SOD), confirming the formation of superoxide ions 
during the oxidation of ferrous ion-chelator 
complexes. Thus, the known toxic effects of EDTA 
and desferrioxamine could be, at least partially, 
explained by the generation of superoxide ions in 
the oxidation of their ferrous complexes. 

Our data suggest that the therapeutic effects of 
such chelating drugs as desferrioxamine, rutin and 
EDTA may be a consequence of their ability to 
oxidize ferrous ions in the Fe2+--chelator complexes. 
In this way the chelators may inhibit ferrous ion- 
catalysed free radical processes and suppress the 
initiation of free radical pathologies. Our findings 
may explain the benefits of long-term administration 
of the bioflavonoid rutin for the treatment of such 
pathologies as Fanconi anemia, fl-thalassemia and 
Diamond-Blackfan anemia [2, 3, 7]. 
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