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Abstract

A new hypothesis describing the role of the redox inactive Ca2+ ion in the expression of physiological oxidative
damage is described. The hypothesis is based on the optimization of the chelation characteristics of iron complexes
for pro-oxidant activity. In a previous investigation it was found that an excess of ligand kinetically hindered the
Fenton reaction activity of the FeII/IIIEDTA complex (Bobier et al. 2003). EDTA, citrate, NTA, and glutamate
were selected as models for the coordination sites likely encountered by mobile iron, i.e. proteins. The optimal
[EDTA]:[FeIII] ratio for Fenton reaction activity as measured by electrocatalytic voltammetry in a solution was
found to be 1:1. An excess of EDTA in the amount of 10:1 [ligand]:[metal] suppresses the Fenton reaction activity
to nearly the control. It is expected that the physiological coordination characteristics of mobile Fe would have a
very large excess of [ligand]:[metal] and thus not be optimized for the Fenton reaction. Introduction of Ca2+ in
to a ratio of 10:10:1 [Ca2+]:[EDTA]:[FeIII] to the system reinvigorated the Fenton reaction activity to nearly the
value of the optimal 1:1 [EDTA]:[FeIII] complex. The pH distribution diagrams of Ca2+ in the presence of EDTA
and FeII/III indicate that Ca2+ has the ability to uptake excess EDTA without displacing either FeII of FeIII from
their respective complexed forms. The similarity in the presence for hard ligand sites albeit with a lower binding
constant for Ca2+ accounts for this action.

Introduction

The biochemical role of calcium is diverse. Besides
its well-known functions in bone tissue and exoskelet-
ons, calcium ions have roles in the signaling and the
induction of biochemical processes. Membrane bound
Ca2+ channels, which regulate the flow of these ions
in and out of cells, are important targets in the design
of new drugs. Among the important roles associated
with Ca2+ are its roles in apoptosis, and inflamma-
tion (Krebs 1998). Disruption of Ca2+ homeostasis in
mitochondria is hypothesized as a key step in apop-
tosis. The inflammatory response mechanism releases
Ca2+, along with reactive oxygen species (ROS) (e.g.
H2O2, O.−

2 ), histamines, and glutamate (Babior 2000).
In both inflammation and in apoptosis, pro-oxidant
actions are associated with increases in cellular Ca2+
concentration (Lee & Kang 2002). This is observed

both in plant and animal cells. Whether its presence is
due to a cause or effect relationship with ROS release
remains unclear, but recent experiments aimed at pre-
cisely timing the events of the inflammatory response
place the initial Ca2+ flux preceding ROS appear-
ance (Atlante et al. 2001, Caro & Cederbaum 2002a,
Caro & Cederbaum 2002b). Thus, it reasons that the
calcium flux is likely the cause of ROS generation,
rather than an effect of ROS damage. A fundamental
question arises, how does a seemingly redox inactive
ion, Ca2+ exert a pro-oxidative influence? Calcium
ions have been hypothesized as a signaling agent in
the events that lead up to the oxidative events. In
this contribution we propose that Ca2+ exerts a pro-
oxidative influence in conjunction with the chelation
characteristics of FeII (Bobier et al. 2003).

Iron complexes and iron containing enzymes fig-
ure prominently in biological oxidations. The enzymes
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associated with inflammatory responses, nitric ox-
ide synthase, myeloperoxidase, and NADPH oxidase
are all important to the production of ROS and are
based on iron-heme complexes (Babior 2000). Iron
also has a Janus-like paradox in that while being a
biologically essential element, it is also involved in
collateral damage to physiological components. The
Fenton Reaction (below) figures prominently into this
damage.

FeII + H2O2 → FeIII + HO− + HO. (1)

The hydroxyl radical is the ultimate oxidant de-
rived in the activation of O2. Along with a suitable
iron center the hydroxyl radical has the ability to react
with almost any organic with diffusion-limited kin-
etics and is thought to be a significant agent in the
pathogenesis of many diseases (Blokhina et al. 2003,
Crichton & Pierre 2001, Welch et al. 2002, Arouma
& Halliwell 1988, Shi et al. 1991, Smith et al. 1997,
Zhao et al. 1994). Of particular concern is the re-
lease of iron into the low molecular weight (LMW-Fe)
pool from enzymes and other physiological compon-
ents (Petrat et al. 2002, Lehnen et al. 2002, Kakhlon &
Cabantchick 2002, Wiseman & Halliwell 1996). Re-
lease of iron is made possible by the oxidation of the
native ligand, either by enzymatic process, or by HO.

(Wang & Ortiz 2003, Avila et al. 2000, Collins 2002,
Comporti et al. 2002, Richards & Dettman 2003).
The released iron is quickly chelated by a broad array
of low molecular weight sequestering agents present
in extra- and intra-cellular fluids, e.g., simple nucle-
otides, citrates, amino acids, and proteins (Lipscom
et al. 1998, Sergent et al. 1997, Fahn & Cohen 1992,
Zhan et al. 1990, Weaver & Pollack, 1989, 1990).
Almost without exception these LMW-Fe species are
capable of the Fenton reaction and thus add to the
damage of physiological components.

In a previous study, it was demonstrated that the
Fenton reaction activity of the iron complexes of ethyl-
enediaminetetraacetic acid (EDTA), diethylenetriam-
inepentaacetic acid (DTPA), and citrate was highly
dependent on the ligand to metal concentration ratios
([L]:[M]) (Bobier et al. 2003). At molar ratios where
the ligand and metal ratios are nearly equal, ability to
drive the Fenton reaction was optimal. At high ligand
to metal molar ratios the ability to drive the Fenton re-
action was nearly absent. Formal reduction potentials
of the complexes in conjunction with stability con-
stant speciation calculations both predict that the three
aforementioned complexes of iron should indeed gen-
erate hydroxyl radicals via the Fenton reaction. It was

concluded that a molar excess of ligand relative to iron
represents a kinetic barrier to H2O2 reduction. Accep-
ted pH species distribution diagrams for FeII and FeIII

EDTA complexes demonstrate only 1:1 metal:ligand
structures. However, we hypothesize that higher con-
centrations of ligand ties up the chelation sphere of
the metal center (Bobier et al. 2003). This prevents
a direct coordination of HOOH to the metal (β = 104

FeIII-OO[EDTA]2−), which may be important since, it
has been previously suggested that direct coordination
of HOOH to a metal center is a requirement for the
reduction of the O-O bond (Berlett et al. 1990, Bobier
et al. 2003, Walling et al. 1970). Given the moderate
binding constant of 104, it possible that excess EDTA
may displace –O-O2− from the FeIII center.

The occurence of a localized increase in calcium
concentration in the presence of iron will effect the
L:M ratio of any iron complexes within the vicinity. It
can be shown that calcium, when present in vast excess
with iron and several equivalents of EDTA (relative
to the iron), will be bound by the excess EDTA leav-
ing an Fe:EDTA ratio of unity. The binding constant
(β) for FeII, FeIII, and Ca2+ with EDTA are 1025.1,
1014.3, and 1010.65, respectively. The binding constant
of Ca2+ indicates that it will not displace either oxida-
tion state of iron from EDTA. In this manner, calcium
may act as a pro-oxidant by associating with excess
ligand reducing the ligand:metal ratio of EDTA and
iron to unity and therefore promoting Fenton reactive
conditions. The ligands selected for this study were
(EDTA, (HOOCCH2)2NCH2CH2N(CH2COOH)2, ni-
trilotriacetic acid (NTA, N(CH2COOH)3), citrate
(HOC(COOH)(CH2COOH-2) and glutamate (Glu,
HOOCCH2CH2CH(NH2)COOH). The first two lig-
ands were selected for their well-characterized binding
constants, and for their ability to mimic physiological
binding sites, e.g. proteins. Citrate is an important
LMW ligand for many physiological metal ions and is
also involved in the formation of ROS through its vari-
ous metal complexes (Lobner et al. 2003, Harris et al.
2003, Chiueh 2001). Glutamate along with Ca2+ is
part of the excitotoxin response of inflammation. Ex-
cessive glutamate has been found to lead to the death
of nerve cells. It is interesting to note out of the 20
simple amino acids glutamate has the highest binding
constant for FeII, FeIII, and Ca2+ (103.52, 1012.1, and
101.52, respectively). Although not mentioned in the
literature, it seems plausible that the purpose of the
glutamate release is as a LMW ligand for iron in order
to accelerate the oxidative processes.
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Experimental

Chemicals: Ferric nitrate nonahydrate (Fisher Chem-
icals, ACS Grade), citric acid anhydrous (Fisher
Chemicals, ACS Grade), calcium nitrate tetrahydrate
(Fisher Chemicals, ACS Grade), ethylenediamineetet-
raacetic acid tetrasodium salt (EDTA) (Acros, 99%),
nitrilotriacetic acid (NTA) (Acros, 99%), zinc ni-
trate hexahydrate (Fisher Chemicals, ACS Grade),
d,l-Glutamic acid monohydrate (Glu) (Acros, 99%),
hydrogen peroxide (Fisher Chemicals, 31.4%).

Instrumentation: BAS CV-50W potentiostat was
used with a 5 mm glassy carbon working elec-
trode, Ag/AgCl reference eletrode, and a graphite rod
counter electrode.

Stock Solutions: Solutions of FeIII EDTA and FeIII

citrate were made up in 0.10 M HEPES(aq) buffer
adjusted to pH 7.4. For FeIIINTA and FeIIIGlu, 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). Ca(NO3)2 and Zn(NO3)2 solutions were
made in the same solvent-buffer system as the corres-
ponding FeIIIL solutions.

Electrocatalytic H2O2 Reduction Experiments: A
1 mL aliquot of 1 mM FeIIIEDTA(aq) (1:10) and 1 mL
or less of 10 mM Ca(NO3)2(aq) were added to 7 mL
of aqueous buffer solution and purged with N2 for 10
to 15 min, after which 1 mL of 230 mM H2O2(aq)
(purged) was added. The final volume was adjusted to
10 mL with DI water (N2 purged). Cyclic voltammetry
was then conducted at 25, 10 and 5 mV/s from 400 mV
to −700 mV. The same procedure was conducted with
all FeIIIL complexes. The FeIIIL ratios for FeIII cit-
rate, FeIIINTA, and FeIIIGlu were 1:50, 1:20, and 1:10,
respectively.

Generation of pH Distribution Diagrams: All metal
complex speciation diagrams were generated by the
computer program Hyperquad Speciation and Simula-
tion, HySS (Alderighi et al. 1999). Stability constants
were obtained from the National Institute of Science
and Technology database.

Results

Figure 1 demonstrates the cyclic voltammetric char-
acteristics of FeII/IIIEDTA in pH 7.4 0.1 M HEPES
buffer remains constant in the presence of varying
quantities of ligand. Furthermore, the voltammet-
ric characteristics were unchanged under conditions
where the electron transfer kinetics are challenged

(ν = 10 V/s, �Ep = 245 mV), indicating that under
conditions of high FeIIEDTA turnover the voltam-
metric characteristics are note a function of EDTA
concentration. Identical results were found for NTA,
citrate, and glutamate ligands. On the other hand, the
ability to drive the Fenton reaction is highly depend-
ent the [L]:[M] ratio (Bobier et al. 2003). This ability
of a complexed FeII species to drive the reaction was
examined by cyclic voltammetry (Zhao et al. 1994,
Bobier et al. 2003, Chen & Breen 2000, Bard &
Faulkner 2001). Figure 2 demonstrates the sensitivity
of the Fenton reaction characteristics to that [L]:[M]
ratio. The inset within Figure 2 illustrates the clas-
sical sigmoidal shape voltammogram indicative of the
EC’ case where the reduced substrate, H2O2 is freely
diffusing (Bard & Faulkner 2001).

Electrochemical, E: FeIIIEDTA + e → FeIIEDTA (2)

Catalytic, C’ FeIIEDTA + H2O2 → FeIIIEDTA
+HO− + HO. (3)

The cathodic wave is nearly steady-state and
greatly amplified over Figure 1 because of the com-
bination of Equations 2 and 3 above. That sigmoidal
shape is lost in high ratios of [H2O2]:[FeIII] and is
attributable to the formation of a FeIII-OO2 complex,
which takes on the shape curve A in Figure 2 (Bobier
et al. 2003). The modified EC’ voltammogram thus is
due to the following mechanism:

Electrochemical, E: FeIII − OO[EDTA] + e
→ FeII − OO[EDTA] (2a)

Catalytic, C’: FeII − OO[EDTA] + 2H+
→ FeIIIEDTA + HO− + HO. (3a)

Both the inset voltammogram and curve A of Fig-
ure 2 exhibit an amplified cathodic wave, which is pro-
duced by the electrochemical-catalytic (EC’) mech-
anism. Reaction 2 and 2a produce the FeII complex,
which is consumed in the Fenton reaction (Reaction
3 and 3a). The production of the reactant, FeIIIEDTA
in the vicinity of the electrode surface enhances the
cathodic current via reaction 2/2a. The absence of
a cyclic voltammetry anodic wave is a result of the
complete consumption of FeIIEDTA in reaction 3.
The FeII/IIIEDTA couple acts as the redox cycling
intermediate for the catalytic reduction of H2O2. Cyc-
lic voltammetric in this investigation focused on the
high [H2O2]:[FeIIIEDTA] cases since it is thought
that this mimics physiological conditions (0.1 µM
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Figure 1. Cyclic voltammograms of FeIIIEDTA in 0.1 M HEPES pH 7.4 and 10 mV/s (top) and 10 V/s (bottom) at a carbon disk electrode
under conditions of 1.0 mM FIII, 1.0 mM EDTA and of 1.0 mM FeIII, 10.0 mM EDTA.

ROS;0.1 nM FeII/III). When an excess of Ca2+
was added ([FeIII]:[EDTA]:[Ca2+], [1]:[1]:[10]), the
Fenton reaction characteristics of FeII[EDTA] were
unchanged, and the cyclic voltammetric results were
the same as Curve A of Figure 2.

Curve B of Figure 2 demonstrates that Fenton re-
action of the FeIIEDTA complex is nearly lost in the
excess of EDTA ligand. The EC’ current drops to
nearly the control current observed for the reduction
of H2O2 in the absence of a FeII/IIIEDTA mediator
couple in curve D of Figure 2. This was consistent
with a previous study and is the hypothesis as to how
EDTA and related ligands have both pro-oxidant and
antioxidant features (Bobier et al. 2003).

The addition of Ca2+ (as Ca(NO3)2) to the solution
of 1:10 [FeIII]:[EDTA] increases the Fenton reaction
characteristics of the iron-EDTA complex. This is
demonstrated by curve C of Figure 2 where Ca2+ is
added to a ratio of 1:1 [Ca2+]:[EDTA]. The EC’ cata-
lytic wave returns to ≈60% of its maximum of the 1:1
[FeII/III]:[EDTA] complex in curve A of Figure 2 at the
switching potential of −700 mV. It is noteworthy that
none of the observed effects were attributable to an
artifact in the differences in electron transfer kinetics
of the 1:1 and 1:10 [Fe3+/2+]:[EDTA]. This is evident
in the study described by Figure 1. The recovery of
iron complex Fenton Reaction activity by the addition
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Figure 2. Electrocatalytic reduction of 22.8 mM H2O2 0.1 mM FeIII under conditions of various ratios of [FeIII]:[EDTA]:[Ca2+].
Curve A: [1]:[1]:[0] & [1]:[1]:[10] Curve C [1]:[10]:[10]
Curve B [1]:[10]:[0] Curve D blank [0]:[0]:[0] & [0]:[0]:[1]
Inset: Electrocatalytic reduction of 1 mM H2O2(aq) in the presence of 0.1 mM FeIIIEDTA (1:1). Other conditions pH 7.4 HEPES, carbon disk
electrode, 10 mV/s sweep rate.

Figure 3. Inset – Electrocatalytic reduction of H2O2 under conditions of various ratios of [Fe3+]:[Glu]:[Ca2+ ].
Curve A: [1]:[5]:[0] Curve C [1]:[15]:[0]
Curve B [1]:[10]:[0] Curve D [1]:[10]:[10]
Bottom – Recovery of Fenton reactivity of Fe complexes by addition of Ca2+.
1:50[Fe3+]:[citrate] 1:20[Fe3+]:[NTA] 1:10[Fe3+]:[EDTA].
Other conditions 0.1 mM Fe3+, 22.8 mM H2O2 and pH 7.4 HEPES, carbon disk electrode, 10 mV/s sweep rate.
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Figure 4. A schematic of the role of calcium in the oxidative burst mechanism.

of excess Ca2+ was also observed with citrate, NTA
and Glutamate chelates.

Figure 3 demonstrates the recovery of Fenton re-
activity of high [ligand]:[metal] ratios by addition of
Ca2+. The inset of Figure 3 demonstrates the loss of
Fenton Reaction activity as measured by the method
of Figure 2 for the FeIIIGlu complex. The optimal
EC’ current measured at −700 mV corresponds to the
1:5 [FeIII]:[Glu] ratio (Bar A, Figure 3). This is re-
duced by 80% when the [FeIII]:[Glu] ratio is increased
to 1:10 (Bar B, Figure 2). The measured EC’ cur-
rent at −700 mV Ag/AgCl for the 1:10 [FeIII]:[Glu]
increased with addition of Ca2+ (Bars C and D of
Figure 2). Bar C of Figure 3 indicates that the 1:10
[FeIII]:[Glu] complex reaches the efficiency of the 1:5
[FeIII]:[Glu] (Bar A) when there is a presence of 10:10
[Ca2+]:[Glu] ratio. The major body of Figure 3 in-
dicates that all four complexes experience increasing
quantities of Fenton reaction activity by increasing the
Ca2+ concentration. The 1:50 [FeIII]:[citrate], 1:20
[FeIII]:[NTA], & 1:10 [FeIII]:[EDTA] ratios repres-
ent the minimums for the Fenton Reaction activity
through the measured EC’ currents at −700 mV
Ag/AgCl. It was generally observed that full Fenton
Reactivity was recovered when added Ca2+ reached
1:1 [Ca2+]:[ligand] ratio. Increasing that ratio does not
affect this observation, (see Figure 3).

Discussion

The preference for carboxylate/oxygen ligands over
N and S containing species by Ca2+ is based on its
hard ion nature (Forsén & Kördel 1994). Iron(III) ions
share such behavior, hence the propensity to com-
pete for similar physiological chelation spheres. Such
spheres are expected to be present in the plethora of
peptides, proteins, and nucleotides present in cellular
systems containing hard O− sites; hence the choice
of EDTA, NTA, citrate and glutamate as analogues to
these physiological chelation sites.

A schematic of the possible role of Ca2+ release
in the inflammatory response is shown in Figure 4.
As discussed in the Introduction, under conditions of
oxidative stress the concentration of labile iron greatly
increases (Petrat et al. 2002, Kakhlon & Cabantchik
2002, Galley & Webster 1996, Gutteridge et al. 1996a,
b). This is from the release of Fe ions from its native
enzymatic shell through destruction by oxidative pro-
cesses (Walling et al. 1970, Avila et al. 2000, Collins
2002, Comporti et al. 2002, Richards & Dettman
2003, Lipscomb et al. 1998). Despite this release it can
be expected that the conditions for oxidative dammage
will be compromised. The LMW chelation pool of
physiological fluids can be reasonably expected to be
in much greater concentration than labile iron (≈nM),
hence the strong possibility for the less than optimal
Fenton reaction performance (Bobier et al. 2003). This
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Figure 5. pH distribution diagram of Ca and FeIIIEDTA complexes, 1:10:100 [FeIII][EDTA][Ca2+], 0.1 mM Fe3+, 1 mM EDTA, 10 mM
Ca2+ . Free Ca2+ is omitted (≈9 mM).

is evident in the studies summarized in Figures 2 and
3 with EDTA, NTA, citrate, and glutamate and in a
previous study with DTPA (Bobier et al. 2003). The
introduction of Ca2+, greatly improves the Fenton re-
action characteristics of the Fe complex under high
[L]:[M] ratios. The release of Ca2+ in the intracellular
fluid can be expected to behave in the same way, i.e.
the uptake of excess hard O− ligand sites, thus lower-
ing the activation barrier by allowing for the formation
of the FeIII-OO[EDTA] complex.

The release of Ca2+ does not displace either FeII

of FeIII from their respective chelation spheres. Both
FeIIEDTA (log β1 = 14.3) and FeIIIEDTA (log β1 =
25.1) have significantly higher stability constants than
CaEDTA (log β1 = 11). The pH distribution dia-
grams calculated from the respective iron EDTA sta-
bility and hydrolysis constants and are presented in
Figure 5. Figure 5 demonstrates that under the con-

ditions of equimolar concentrations of FeIII, EDTA,
and Ca2+, the mono-hydroxy FeIII-EDTA complex
predominates at pH 6.5 to 8.5. Under conditions of
100:10:1 [Ca2+]:[EDTA]:[Fe3+], the mono-hydroxy
FeIII-EDTA complex again remains intact, whereas
the excess EDTA is taken up by Ca2+. This situ-
ation remains mostly intact up to a 10000:10:1 ratio of
[Ca2+]:[EDTA]:[Fe3+]. Figure 6 demonstrates again
that Fe2+ chelation by EDTA is not displaced by ex-
cess Ca2+. This indicates that Ca2+ takes up excess
ligand leaving an optimal [L]:[M] ratio for maximum
Fenton reaction activity.

The possibilities for other metal ions acting in a
similar manner must be considered. Another common
hard physiological ion, Mg2+, prefers the formation
of octahedral complexes. On the other hand, Ca2+ has
the ability to form complexes of 6, 7, 8, and 9 ligands.
This flexibility enables Ca2+ to bind to multident-
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Figure 6. pH distribution diagram of Ca and FeIIEDTA complexes, 1:10:100 [FeII][EDTA] [Ca2+], 0.1 mM Fe2+, 1 mM EDTA, 10 mM
Ca2+ . Free Ca2+ is omitted (≈9 mM).

ate ligands more efficiently than Mg2+. For example,
the stability constants for Mg2+ and Ca2+ binding to
EDTA are 108.8 and 1010.6, respectively. The bind-
ing constant of Ca2+ to the Glu-Glu peptide is 103.2

with no binding to Mg2+ (Forsén & Kördel 1994).
Furthermore, the rates in which the hydration sphere
is displaced by ligands is faster for Ca2+ in compar-
ison with Mg2+, log k(s−1 8.4 vs. 5.2, respectively
(Frey & Stueher 1974). These characteristics indic-
ate that Ca2+ would be preferred over Mg2+ in the
optimization for the pro-oxidant effects of LMW-Fe
species.

In summary, a new hypothesis is presented regard-
ing an as of yet unexplored possibility for the pro-
oxidant action Ca2+. This is based on the optimization
of Fe chelation sphere by taking up excess iron ligand,
which improves the kinetics for the Fenton reaction by
allow for the formation of FeIII-OO[EDTA]. In future

investigations we will examine the ability of excess
chelate to prevent the formation of Fe-OO[EDTA].
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