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Abstract

The ‘push’ hypothesis for the antioxidant action of Zn2+ is based on its displacement of iron from a low
molecular weight pro-oxidant complex. In this study, the chemical plausibility of that proposed function is
investigated by cyclic voltammetry. As a model for a pro-oxidative low molecular weight iron complex the
FeII/IIIEDTA couple was examined. This complex was selected for its well-defined electrochemical, iron
stability constants, and similarity to other low molecular weight chelates in physiological fluids in terms of
logical binding sites, i.e. amino, and carboxylate groups. Also investigated were iron complexes of nitril-
otriacetic acid and DLDL-glutamic acid. Results demonstrate that approximately 90% of the cyclic voltam-
metric peak current for FeIIIEDTA reduction and the EC¢ current for the mediated reduction of H2O2 by
FeII/IIIEDTA (Fenton Reaction) are lost when Zn2+ is introduced to a 1:1 molar ratio relative to iron. All
experiments were conducted in HEPES buffered solutions at pH 7.4. Iron (II/III) complexes of nitrilotri-
acetic acid and DLDL-glutamic acid followed the same trends. Cyclic voltammetric experiments indicate that
Zn2+ displaces FeIII from EDTA despite the much larger stability constant for the iron complex (1025.1)
versus zinc (1016.50). The hydrolysis aided displacement of FeIII from EDTA by Zn2+ is considered by the
equilibria modeling program, HySS. With FeIII hydrolysis products included, Zn2+ is able to achieve 90%
displacement of iron from EDTA, a result consistent with cyclic voltammetric observations.

Introduction

Zinc is increasingly being recognized as an
important antioxidant. Besides its well-known role
in Cu–Zn superoxide dismutase, zinc ions have
been hypothesized as having a role in the control
of biological oxidations (Chvapil et al. 1974;
Chevion et al. 1990; DiSilvestro 2000; Powell
2000; Zago & Oteiza 2001; Rostan et al. 2002;
Minqin et al. 2003). This property is not yet clearly
defined, and puzzling since Zn2+ is a redox inac-
tive ion. Present hypotheses have focused on the
prevention of the sulhydryl group oxidation of
certain enzymes, but also important is the mod-
eration of the activity of transition metals involved
with the generation of HOÆ from other reactive

oxygen species (Powell 2000). Of these metals, Fe
because of its relative abundance in biological
systems is perhaps the most prominent contributor
to free radical damage. Such danger lies in the
superoxide ion, H2O2 and the hydroxyl radical
produced by the Fenton reaction (Babior 2000):

O�
�

2 þO�
�

2 þ 2Hþ ! H2O2 þO2 ð1Þ

FeII þH2O2 ! FeIII þHO� þHO� ð2Þ

The hydroxyl radical has the ability to oxidize
almost any organic species with diffusion-limited
kinetics and is a significant agent in the pathogenesis
of many diseases (Arouma & Halliwell 1988; Shi
et al. 1991; Zhao et al. 1994; Smith et al. 1997;
Crichton&Pierre 2002;Welch et al. 2002; Blokhina
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et al. 2003). Most iron-containing enzymes are
capable of Fenton reaction. With the release of HO
radicals, oxidation of the organic ligand systems in
these enzymes follows with release iron into a labile
low molecular weight pool (Wiseman & Halliwell
1996; Avila et al. 2000; Collins 2002; Comporti
et al. 2002;Kakhlon et al. 2002; Lehnen-Beyel et al.
2002; Petrat et al. 2002; Wand and De Montellano
2003). Because of a strong tendency towards che-
lation by a broad array of agents present in bio-
logical fluids such as nucleotides, DNA, peptides,
and proteins free iron ions do not exist under
physiological conditions (Weaver & Pollack 1989;
Weaver & Pollack 1990; Zhan et al. 1990; Fahn &
Cohen 1992; Sergent et al. 1997; Lipscomb et al.
1998; Powell 2000; Petrat et al. 2002). The ensuing
metal complex releases HOÆ to the local environ-
ment, which causes site-specific damage near the
immobilized metal (Chevion 1988). The ‘push and
pull’ hypothesis for the mechanism of antioxidant
actions is based on the abstraction of the transition
metal by a high-binding constant chelator from its
Fenton reaction active binding site (pull), or the
displacement of the pro-oxidant metal by a redox
inactive one (push) (Chevion 1991; Powell &
Tortolani 1992; Powell 2000; Karch et al. 2001,
Banin et al. 2003). In the case of Zn2+ the latter
mechanism as hypothesized by Chevion would be
applicable (Chevion 1991; Karch et al. 2001).
Antagonism of Zn towards HOÆ production has
been observed in biochemical and model systems
(Searle & Tomasi 1982; Girotti et al. 1985).

In terms of ability to control iron-based oxi-
dations, Zn2+ has been described as having the
ability as to undergo a ‘push’ mechanism with iron
complexes. Zinc ion is of intermediate hardness
and has the ability to bind to ligands containing O,

N, and S donor atoms. Added to this flexibility is
the ability to assume coordination numbers of 4, 5,
and 6 (Bertini & Luchinat 1994). When compared
with Fe2+, which is also of borderline hardness,
the tendencies for binding are similar. Table 1 lists
the binding constants for zinc and iron ions with a
ligand that is a pure N donor (TREN), a pure O
donor (citric acid), and a mix O, and N donor
(EDTA). Only in the case of the pure N donor is
there a significant difference in Zn2+ and Fe2+

binding. Ferric ions are hard in nature and under
physiological conditions tend to bind O donor
atoms. Ferric ions show a much greater tendency
to bind to citrate and EDTA in comparison to
Fe2+ and Zn2+.

Physiological fluids present an array of possi-
bilities for the binding of metal ions e.g., proteins,
nucleic acids, nucleotides, and citrate (Weaver &
Pollack 1989; Weaver et al. 1990; Zhan et al. 1990;
Fahn and Cohen 1992; Sergent et al. 1997;
Lipscomb et al. 1998). The majority of these che-
lating agents contain the hard O donor atom with
some contribution from the softer N atom. It is for
this reason that EDTA was used as a model in this
investigation (see Table 1 for EDTA structure).

When examining Table 1 it is not all clear that
Zn2+ would be able to push either FeII or FeIII

from its Fenton reaction active chelation sphere.
Only the TREN complex stands as a clear example
where the Zn2+ would be predicted by binding
constant considerations to displace FeII. However,
another consideration is the hydrolysis of both
Fe2+ and Fe3+. We shall see that even in the case
of EDTA (1016.5 versus 1025.1) complexes, where
there is 9 order of magnitude preference for iron it
is still possible for Zn2+ to push FeIII from its
chelation sphere

Table 1. Stability constants for the complexes considered in this study.

Log b1 Zn2+ Fe2+ Fe3+

Nitrilotris (2-ethylamine) (TREN) N(CH2CH2NH2)3 14.6 8.8 –

Glutamic Acid (Glu) (HOOC)CH2CH2CH(COOH, NH3) 4.72 3.52 12.1

Citric acid HOOCCH2CH(OH, COOH)-CH2COOH 4.27 4.4 11.5

Etylenediaminetetraacetic acid (EDTA) (HOOCCH2)2NCH2CH2N(CH2COOH)2 16.5 14.32 25.1

Nitrilotriacetic acid (NTA) N(CH2COOH)3 10.45 8.90 15.9

DNA N/A 4* 14**

*(Bingham et al. 1994)
**(Marzilli 1981; Netto et al. 1991)
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Experimental

All chemicals were of the highest purity available
and obtained from the following sources:
Fe(NO3)3Æ9H2O, anhydrous citric acid,
Zn(NO3)2Æ6H2O, 30% aqueous H2O2, were from
Fisher Scientific, USA. Ferrous sulfate heptahy-
drate was obtained from J.T. Baker (Phillipsburg,
NJ). Ethylenediaminetetraacetic acid tetrasodium
salt (99%, EDTA), nitrilotriacetic acid (NTA,
99%)DLDL-glutamic acid monohydrate (glu, 99%),
were purchased from Acros, USA.

Electrochemical studies were conducted on a
Bioanalytical Systems CV-50w potentiostat. A
5 mm glassy carbon working electrode, and a
Ag/AgCl reference electrode were also from Bio-
analytical Systems (West Lafayette, IN). The
counter electrode was a spectroscopic grade
graphite rod.

Solutions of FeIIEDTA, FeIIIEDTA and
FeIIIcitrate, were made by mixing 1:1 molar solu-
tions of the chelate and metal ion solutions.
Solutions of FeII complexes were made freshly in
N2 sparged solutions just prior to their use in
experiments. All stock and test solutions were
made up in 0.10 M HEPES(aq) buffer adjusted to
pH 7.4. For FeIIINTA, all stock and test solutions
were made up in 0.010 M HEPES(aq) buffer
adjusted to pH 7.4 and 0.10 M NaNO3(aq).

Electrochemical experiments: A 1 ml aliquot
of 10 mM FeIIEDTA or FeIIIEDTA (1:1) and
1 ml or less of 10 mM Zn(NO3)2(aq) were added

to 8 ml of aqueous HEPES buffer and purged
with N2 for 10–15 min. The final volume was
adjusted to 10 ml with distilled water. Cyclic
voltammetry was then conducted at 25, 10, and
5 mV/s from 400 mV to )700 mV (FeIIIEDTA
solutions) and )700 mV to 400 mV (FeIIEDTA
solutions).

Electrocatalytic experiments: A 1 ml aliquot
of 1 mM FeEDTA(aq) (1:1) and 1 ml or less of
1 mM Zn(NO3)2(aq) were added to 7 ml of
aqueous buffer solution and purged with N2 for
10–15 min. After which 1 ml of 230 mM H2O2(aq)
(purged) was added. The final volume was
adjusted to 10 ml with distilled water. Cyclic
voltammetry was then conducted at 25, 10 and
5 mV/s from 400mV to )700 mV.

Generation of pH Distribution Diagram: All
metal complex speciation diagrams were gener-
ated by the computer program Hyperquad Spe-
ciation and Simulation, HySS (Alderighi et al.
1999).

Results

Figure 1 demonstrates that the cyclic voltammet-
ric characteristics for the FeII/IIIEDTA are
quasi-reversible with a difference in peak current
potentials of 65 mV and a half-wave potential
of )120 mV versus Ag/AgCl. At a molar ratio of
1:1for Zn2+: FeIIIEDTA the peak currents are
reduced by approximately 90% for the FeII/III

Figure 1. Cyclic voltammogram of 1.0 mM FeIIIEDTA(aq) in the presence of (A) 0 mM Zn2+, (B) 1 mM Zn2+, (C) Background
current, buffer only. Other conditions 0.1 M HEPES and pH 7.4.
Inset: Multiple cyclic voltammagrams of 1 mM FeIIIEDTA (1:1) in the presence of 0.5 mM Zn2+. Continuous scan taken on same
sample over the course of 2 h. Other conditions pH 7.4 0.1 M HEPES, 5 mV/s sweep rate.
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EDTA CV waves (Curves 1A and 1B). The
apparent loss of the iron complex was observed
when Zn2+ is added to either a solution of pure
FeIIIEDTA or one of FeIIEDTA (not shown). In
the case of the former, brown precipitates, pre-
sumably insoluble iron hydroxides formed after
30 min. Nearly identical CV results were found for
NTA, citrate, and glutamate ligands. The inset for
Figure 1 demonstrates that the kinetics of Fe3+

displacement (push) from EDTA by Zn2+ is facile
and is almost immediate between the additions of
Zn2+ to the first CV experiment (<5 min). The
molar ratio of Zn2+:FeIIIEDTA is 0.5:1 in the
inset. The peak current for the reduction for
FeIIIEDTA reduction in Figure 1 inset is reduced
by 30% when compared to Figure 1a. The
amplitude of the cyclic voltammetric peak currents
is constant over the course of 2 h indicating very
little loss of the FeIIIEDTA complex after the
initial addition of Zn2+. No precipitates were
observed to form during this time.

Figure 2 demonstrates that the of the Fenton
reaction activity of FeIIEDTA is lost with
increasing mole ratio of Zn2+: FeIIIEDTA. The
inset exhibits an amplified cathodic wave, which is
produced by the electrochemical-catalytic (EC¢)
electrode reaction show below.

Electrochemical, E : FeIIIEDTAþ e�

! FeIIEDTA
ð3Þ

Catalytic, C0 : FeIIEDTAþH2O2

! FeIIIEDTAþHO� þHO�
ð4Þ

Reaction 3 produces the FeII complex, which is
consumed in the Fenton reaction (Reaction 4).
The production of the reactant FeIIIEDTA near
the electrode surface enhances the cathodic current
observed by Reaction 3. The absence of an anodic
wave is due to the complete consumption of
FeIIEDTA in reaction 4. The FeII/IIIEDTA couple
acts as the redox cycling intermediate for the
reduction of H2O2. Curves A and B in Figure 2 are
in a region where the peroxy-FeIIIEDTA
(b » 1022) intermediate predominates from the
following equilibrium:

FeIIIEDTAþH2O2¼HOOAFeIIIEDTAþHþ

ð5Þ

The formation of the HOO-FeIIIEDTA greatly
enhances the EC¢ current as evidenced by the
comparison of the inset and Figure 2 Curve A
(Babko & Loriya 1968; Smith & Martell 1975;
Francis et al. 1985; Koch & Ackermann 1985;

Figure 2. Electrocatalytic (EC’) reduction of H2O2 in the presence of various (Fe3+):(EDTA):(Zn2+). (A) (1):(1):(0), (B) (1):(1):(1), (C)
blank (0):(0):(0). Other conditions 22.8 mM H2O2, and pH 7.4, 10 mV/s sweep rate.
Inset: Electrocatalytic reduction of 1 mM H2O2 in the presence of 0.1 mM FeIIIEDTA.
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Engelmann et al. 2003). Figure 2 Curve B dem-
onstrates that the Fenton reaction characteristics
are nearly lost in the presence of an equivalent
amount of Zn2+. The observed catalytic current
drops by 80%. Curve 2C is control current for the
direct reduction of H2O2 in the absence of the FeII/
IIIEDTA couple. Again, this is consistent with the
push mechanism for antioxidant behavior pro-
posed in Chevion’s hypothesis (Chevion 1991;
Karck et al. 2001).

Three other chelates were examined, citrate,
NTA, and Glu. All three FeIII/II complexes
exhibited EC¢ characteristics very similar to FeII/III

EDTA. The EC¢ currents for each complex was
measured at )700 mV versus Ag/AgCl are shown
in Figure 3 which demonstrates that Zn2+ again
suppresses the EC¢ current that arises from the
Fenton reaction (Equation 4).

Discussion

The possibility for the displacement of FeIII from
EDTA is not predicted by simply considering the
EDTA binding constants for Zn2+ and Fe3+ (see
Table 1). Conceivably, there may be two logical
mechanisms by which Zn2+ is able to interfere
with the EC¢ voltammetric waves produced by the

Reactions 3 and 4 sequence. The first would be the
displacement of FeII from EDTA by Zn2+ as
predicted by the stability constants of Table 1.
This would manifest itself as an EC (electro-
chemical-chemical) type of mechanism (Bard &
Faulkner 2001).

E : FeIIIEDTAþ e� ¼ FeIIEDTA ð6Þ

C : FeIIEDTAþ Zn2þ ¼ ZnEDTAþ Fe2þ

ð7Þ

However, none of the applied voltammetric
diagnostics indicated this mechanism (Bard &
Faulkner 2001). Perhaps the most significant
indication that this was not an EC mechanism is
that CV wave for the reduction of FeIIIEDTA
(Reaction 6) is lost immediately upon addition of
Zn2+. The displacement of both FeIII and FeII

from EDTA is demonstrated by experiments de-
scribed by Figures 1 and 2. Moreover, this effect
was observed with the iron complexes of citrate
and NTA (Figure 3). The possibility for the dis-
placement of FeIII from EDTA by Zn2+ may lie in
the hydrolysis aided replacement reaction:

FeIIIEDTAþ Zn2þ þ xH2O

¼ ZnEDTAþ Fe(OH)ðx�3Þx þ xHþ
ð8Þ

Figure 3. Suppression of Fenton reactivity of Fe complexes by addition of Zn2+. The electrocatalytic reduction current, of H2O2, was
measured at )700 mV versus Ag/AgCl. (A) 1:1 [Fe3+]:[EDTA], (B) 1:1 [Fe3+]:[citrate], (C) 1:2 [Fe3+]:[NTA].
Inset: 0.1 mM FeIIIGlu in the presence of various amounts of Zn2+. Other common conditions; 0.1 mM Fe3+, 0.1 M HEPES pH 7.4,
and 10 mV/s. Each bar represents the average of three runs. The error bars represent one standard deviation.
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The pH speciation diagrams using accepted sta-
bility constants are presented for Zn2+ in the
presence of FeIIIEDTA and FeIIEDTA are pre-
sented in Figures 4 and 5, respectively (Smith &
Martell 1975). Table 2 lists the compounds con-
sidered and their respective stability constants.

Formation of insoluble iron species were omitted
because of the observation that no precipitates
were observed to form during the time scales of the
CV experiments (RT/mnF ¼ 5 sec) illustrated in
Figures 1–3 (Bard & Faulkner 2001). A 1:1 molar
ratio of Zn2+:FeIIIEDTA indicates that at pH 7.4

Figure 4. Speciation diagram of 0.1 mM FeIIIEDTA(aq) in the presence of 0.1 mM Zn+2
(aq). Insoluble species are omitted due to slow

kinetics. The diagram was produced with HySS. See Table 2 for the species considered in the model.

Figure 5. Speciation diagram of 0.1 mM FeIIEDTA(aq) in the presence of 0.1 mM Zn+2
(aq). Insoluble species are omitted due to slow

kinetics. The diagram was produced with HySS. See Table 2 for the species considered in the model.
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approximately 90% of the iron complex is lost due
to Reaction 8. This matches the CV study of
Figure 1 where the peak current for FeIIIEDTA
reduction is reduced by 90% and the study EC¢
voltammetric study of Figure 2 where that current
was reduced by 80%. In the case of FeIIEDTA
hydrolysis of iron is not a major contribution to
the displacement of iron by Zn2+. At pH 7.4,
Figure 4 illustrates that the iron complex is com-
pletely lost in a 1:1 molar ratio of Zn2+: FeIIEDTA
producing free Fe2+.

The experiments conducted for this investiga-
tion add evidence to the ‘push’ mechanism
for Zn2+ antioxidant action as hypothesized by
Chevion (Chevion 1988; Chevion et al. 1990;
Chevion 1991; Karck et al. 2001). However for the
push mechanism to have physiological pertinence
it must be part of an ensemble of actions that lead
to an overall antioxidant effect. As iron is dis-
placed by Zn2+, from the pro-oxidant complex
another chelate with an overall antioxidant effect
must take up the iron, otherwise it will simply
re-enter the pro-oxidant low molecular weight
complexation pool (Petrat et al. 2002; Welch et al.
2002). Such antioxidant effect may affect the oxy-
gen-activating, or Fenton reaction characteristics
of the FeII/III center through kinetic or thermo-
dynamic means (Babko & Loriya 1968; Cheng

et al. 1996; Cheng & Breen 2000). The possibilities
for this effect may lie in the physiologically
occurring iron transferring protein, transferring,
which has antioxidant characteristics (Hubel et al.
1996; Loban et al. 1997; Sahlstedt et al. 2002; van
Campenhout et al. 2003) Another possibility, is
that iron may be complexed by non-nutritive die-
tary or medicinal chelates such as the flavonoids,
which are now being recognized as an important
class of antioxidant (Arouma & Halliwell 1988;
Cheng et al. 1996; van Acker et al. 1996; Yoshino
& Murakami 1998; Cheng & Breen 2000; Mellican
et al. 2003).

Acknowledgements

This work was funded by the NIH grant number 1
R15 GM062777-01. RMH acknowledges summer
stipend support from Malcolm and Carol
Renfrew.

References

Alderighi L, Gans P, Ienco A, Peters D, Sabatini A, Vacca A.
1999 Hyperquad simulation and speciation (HySS): a utility
program for the investigation of equilibria involving soluble

Table 2. Species considered for the Zn2+ displacement of Fe from EDTA with HySS in Figures 4 and 5.

Species considered for

the 1:1 molar ratio of

Zn2+ with FeIIIEDTA

Log b Species considered

for the 1:1 molar ratio

of Zn2+ with FeIIEDTA

Log b Species considered

for both studies

Log b

FeIII(OH)2+ )2.6 FeII(OH)+ )9.27 OH) )13.77
FeIII(OH)2

+ )5.34 FeII(OH)2 )20.34 HEDTA3) 10.17

FeIII(OH)3 )11.51 FeII(OH)3
) )31.31 H2EDTA2) 16.28

FeIII(OH)4
) )20.88 FeII(OH)4

2) )45.48 H3EDTA) 18.96

(FeIII)2(OH)3
3+ )2.84 FeIIEDTA2) 14.32 H4EDTA 20.96

(FeIII)4(OH)3
9+ )5.38 FeIIHEDTA) 17.07 H5EDTA+ 22.46

FeIIIEDTA) 25.1 FeIIH2EDTA 19.54 H6EDTA2+ 22.46

FeIIIHEDTA 26.4 FeII(OH)EDTA3) 5.25 Zn(OH)+ )9.07
FeIII(OH)EDTA2) 17.61 FeII(OH)2EDTA4) )4.59 Zn(OH)2 )15.34
FeIII(OH)2EDTA3) 8.2 Zn(OH)3

) )27.18
Zn(OH)4

2) )39.58
Zn2(OH)3+ )8.27
Zn4(OH)4

4+ )27.18
ZnEDTA2) 16.5

ZnHEDTA) 19.5

ZnH2EDTA 20.7

Zn(OH)EDTA3) 4.83

49



and partially soluble species. Coordin Chem Revi 184,
311–318.

Arouma OI, Halliwell B. 1988 The iron-binding and hydroxyl
radical scavenging action of anti-inflammatory drugs. Xeno-
biotica, 18, 459–470.

Avila L, Huang H, Rodriguez JC, Moënne-Loccoz P, Rivera M.
2000 Oxygen activation by axial ligand mutants of mito-
chondrial cytochrome b5: oxidation of heme to veroheme
and biliverdin. J Am Chem Soc 122, 7818–7619.

Babior BM. 2000 Phagocytes and oxidative stress. Am J Med
109, 33–44.

Babko AK, Loriya NV. 1968 Ternary complex of iron-
ethylenediaminetetraacetic acid-hydrogen peroxide. Zh
Neorg Khimii 13, 506–510.

Banin E, Morad Y, Berenshtein E, Obolensky A, Yahalom C,
Goldich J, Adibelli FM, Zuniga G, DeAnda M, Pe’er J,
Chevion M. 2003 Injury induced by chemical warfare
agents: characterization and treatment of ocular tissues
exposed to nitrogen mustard. Invest Ophthalmol Vis Sci 44,
2966–2972.

Bard AJ, Faulkner LR. 2001 Electrochemical methods: Fun-
damentals and applications. Second edition. New York:
John Wiley and Sons, Chapter 12.

Bertini I, Luchinat C. 1994 The reaction pathways of zinc
enzymes and related biological catalysts. In: Bertini I,
Gray, HB, Lippard SJ, Valentine JS, eds. Bioinorganic
Chemistry. California: University Science Books Mill
Valley; 37–106.

Bingham BR, Quinlan GJ, Tarelli E. 1994 Iron-binding affinity
of bacterial vaccine polysaccharides which contain phos-
phodiester linkages as part of the polymer chain and of other
polyphosphates, including DNA. J Pharm Pharmacol 46,
1000–1003.

Blokhina O, Virolainen E, Fagerstedt KV. 2003 Antioxidants,
oxidative damage and oxidation deprivation stress: a review.
Ann Bot 91, 179–194.

Cheng IF, Zhao CP, Amolins A, Galazka M, Doneski L. 1996
A hypothesis for the in vivo antioxidant action of salicylic
acid. Biometals 9, 285–290.

Cheng IF, Breen K. 2000 On the ability of four flavonoids,
baicilein, luteolin, naringenin, and quercetin, to suppress the
Fenton reaction of the iron-ATP complex. Biometals 13,
77–83.

Chevion M. 1988 A site-specific mechanism for free radical
induced biological damage: the essential role of redox-active
transition metals. Free Radic Biol Med 5, 27–37.

Chevion M. 1991 Protection against free radical-induced and
transition metal-mediated damage, the use of pull and push
mechanisms. Free Radic Res Commun 12–13, 691–696.

Chevion M, Korbashi P, Katzenhandler J, Saltmann P. 1990
Zinc – a redox-inactive metal provides a novel approach for
protection against metal-mediated free radical induced
injury, a study of paraquat toxicity in E. coli. Adv Exp
Med Biol 264, 217–222.

Chvapil M, Aronson AL, Peng YM. 1974 Relation between
zinc and iron and peroxidation of lipids in liver homogenate
in CaEDTA-treated rats. Exp Mol Pathol 20, 216–227.

Collins TJ. 2002 TAML oxidant activators, a new approach to
the activation of hydrogen peroxide for environmentally
significant problems. Acc Chem Res 35, 782–790.

Comporti M, Signorini C, Buonocore G, Ciccoli L. 2002 Iron
release, oxidative stress and erythrocyte ageing. Free Radic
Biol Med 32, 568–576.

Crichton RR, Pierre J.-L. 2001 Old iron, young copper, from
Mars to Venus. Biometals 14, 99–112.

DiSilvestro RA. 2000 Zinc in relation to diabetes and oxidative
disease. J Nutr 130, 1509S–1511S.

EngelmannMD, Bobier RT,Hiatt T, Cheng IF. 2003 Variability
of the Fenton reaction characteristics of the EDTA, DTPA,
and citrate complexes of iron. BioMetals 16, 519–527.

Fahn S, Cohen G. 1992 The oxidant stress hypothesis in
Parkinson’s disease, evidence supporting it. Ann Neurol 32,
802–812.

Francis KC, Cummins D, Oakes J. 1985 Kinetic and structural
investigations of (FeIII(edta))–(edta ¼ ethylenediaminetetra-
acetate(4–)) catalysed decomposition of hydrogen peroxide
Journal of the Chemical Society, Dalton Transactions,
Inorganic Chemistry 3, 493–501.

Girotti AW, Thomas JP, Jordan JE. 1985 Ihibitory effect of
Zn(II) on free radical lipid peroxidation in erythrocyte
membranes. Free Radical Biol Med 1, 395–401.

Hubel CA, Kozlov AV, Kagan VE, Evans RW, Davidge ST,
McLaughlin MK, Roberts JM. 1996 Decreased transferrin
and increased transferrin saturation in sera of women with
preeclampsia, implications for oxidative stress. Am J Obstet
Gynecol 175, 692–700.

Kakhlon O, Cabantchik ZI. 2002 The labile iron pool,
characterization, measurement, and participation in cellular
processes. Free Radic Biol Med 33, 1037–1046.

Karck M, Tanaka S, Berenshtein E, Sturm C, Haverich A,
Chevion M. 2001 The push-and-pull mechanism to scavenge
redox-active transition metals, a novel concept in myocardial
protection. J Thorac Cardiovasc Surg 21, 1169–1178.

Koch S, Ackermann G. 1985 Ternary complex of iron(III) with
ethylenediaminetetraacetic acid and hydrogen peroxide.
Zeitschrift fuer Chemie 25, 186.

Lehnen-Beyel I, Groot HD, Rauen U. 2002 Enhancement of
iron toxicity in L929 cells by DD-glucose, accelerated(re-)
reduction. Biochem J 368, 517–526.

Lipscomb DC, Gorman LG, Traystman RJ, Hurn PD. 1998
Low molecular weight iron in cerebral ischemic acidosis
in vivo. Stroke 29, 487–492.

Loban A, Kime R, Powers H. 1997 Iron-binding antioxidant
potential of plasma albumin. Clin Sci (London) 93,
445–451.

Marzilli LG. 1981 Metal complexes of nucleic acid derivatives
and nucleotides, binding sites and structures. In: Eichorn
GL, Marzilli LG, eds. Metal Ions in Genetic Information
Transfer. New York: Elsevier; 47–85.

Mellican RI, Li J, Mehansho H, Nielsen SS. 2003 The role of
iron and the factors affecting off-color development of
polyphenols. J Agric Food Chem 51, 2304–2316.

Minqin R, Watt F, Huat BT, Halliwell B. 2003 Correlation of
iron and zinc levels with lesion depth in newly formed
atherosclerotic lesions. Free Radic Biol Med 34, 746–752.

Netto LES, Da Costa Ferreira AM, Augusto O. 1991 Iron(III)
binding in DNA solutions, complex formation and catalytic
activity in the oxidation of hydrazine derivatives. Chem Biol
Interact 29, 1–14.

Powell SR. 2000 The antioxidant properties of zinc. J Nutr 130,
1447S–1454S.

Powell SR, Tortolani AJ.1992 Recent advances in the role of
reactive oxygen intermediates in ischemic injury. I. Evidence
demonstrating presence of reactive oxygen intermediates; II.
Role of metals in site-specific formation of radicals. J Surg
Res 53, 417–429.

50



Petrat F, de Groot H, Sustmann R, Rauen U. 2002 The
chelatable iron pool in living cells: a methodically defined
quantity. Biol Chem 383, 489–502.

Rostan EF, DeBuys HV, Madey DL, Pinnell SR. 2002
Evidence supporting zinc as an important antioxidant for
skin. Int J Dermatol 41, 606–611.

Sahlstedt L, von Bonsdorff L, Ebeling F, Ruutu T, Parkkinen J.
2002 Effective binding of free iron by a single intravenous
dose of human apotransferrin in haematological stem cell
transplant patients. Br J Haematol 119, 547–553.

Searle AJF, Tomasi A. 1982 Hydroxyl free radical production
in iron-cysteine solutions and protection by zinc. J Inorg
Biochem 17, 161–166.

Sergent O, Anger JP, Lescoat G, Pasdeloup N, Cillard P,
Cillard J. 1997 EPR determination of low molecular weight
iron content applied to whole rat hepatocytes. Cell Mol Biol
(Noisy-le-grand) 43, 793–800.

Shi X, Dalal NS, Jain AC. 1991 Antioxidant behavior of
caffeine: efficient scavenging of hydroxyl radicals. Food
Chem Toxicol 29, 1–6.

Smith MA, Harris PL, Sayre LM, Perry G. 1997 Iron
accumulation in Alzheimer disease is a source of redox
generated free radicals. Proc Nat Acad Sci USA 94, 9866–
9868.

Smith RM, Martell AE. 1975 Critical stability constants. Vols.
1–4. New York: Plenum Press.

van Acker SABE, van den Berg D-J, Tromp MNJL, Griffioen
DH, van Bennekom WP, van der Vijgh WJF, Bast A. 1996
Structural aspects of antioxidant activity of flavonoids. Free
Rad Biol Med 20, 331–342.

van Campenhout A, van Campenhout CM, Lagrou AR,
Manuel-y-Keenoy B. 2003 Transferrin modifications and
lipid peroxidation, implications in diabetes mellitus. Free
Radic Res 10, 1069–1077.

Wang J, Ortiz De Montellano PR. 2003 The binding sites on
human heme oxygenase-1 for cytochrome P450 reductase
and biliverdin reductase. J Biol Chem 278, 20069–20076.

Weaver J, Pollack S. 1989 Low-Mr iron isolated from guinea
pig reticulocytes as AMP-Fe and ATP-Fe complexes.
Biochem J 261, 787–792.

Weaver J, Pollack S. 1990 Two types of receptors for iron on
mitochondria. B J 271, 463–466.

Welch KD, Davis TZ, Van Eden ME, Aust SD. 2002
Deleterious iron-mediated oxidation of biomolecules. Free
Radic Biol Med 32, 577–583.

Wiseman H, Halliwell B. 1996 Damage to DNA by reactive
oxygen and nitrogen species: role in inflammatory disease
and progression to cancer. Biochem J 313, 17–29.

Yoshino M, Murakami K. 1998 Interaction of iron with
polyphenolic compounds: application to antioxidant char-
acterization. Anal Biochem 257, 40–44.

Zago MP, Oteiza PI. 2001 The antioxidant properties of zinc:
interactions with iron and antioxidants. Free Radical Bio
Med 31, 266–274.

Zhan H, Gupta RK, Weaver J, Pollack S. 1990 Iron bound to
low MW ligands: interactions with mitochondria and
cytosolic proteins. Eur J Haematol 44, 125–131.

Zhao CP, Galazka M, Cheng IF. 1994 Electrocatalytic reduc-
tion of hydrogen peroxide by iron-adenosine nucleotide
complexes. J Electroanal Chem 379, 501–503.

51


