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This study examined the generation of reactive oxygen
species (ROS) and the induction of lipid peroxidation by
carcinogenic iron(III)–NTA complex (1:1), which has three
conformations with two pKa values (pKa1 < 4, pKa2 < 8).
These conformations are type (a) in acidic conditions of pH
1–6, type (n) in neutral conditions of pH 3–9, and type (b) in
basic conditions of pH 7–10. The iron(III)–NTA complex was
reduced to iron(II) complex under cool-white fluorescent
light without the presence of any reducer. The reduction rates
of three species of iron(III)–NTA were in the order type
(a) @ type (n) . type (b). Iron(III)–NTA-dependent lipid
peroxidation was induced in the presence and absence of
preformed lipid peroxides (L-OOH) through processes
associated with and without photoreduction of iron(III).
The order of the abilities of the three species of iron(III)–NTA
to initiate the three mechanisms of lipid peroxidation was:
(1) type (a) . type (n) . type (b) in lipid peroxidation that is
induced L-OOH- and H2O2-dependently and mediated by
the photoreduction of iron(III); (2) type (b) . type (n) . type
(a) in lipid peroxidation that is induced L-OOH- and H2O2-
dependently but not mediated by the photoreduction of
iron(III); (3) type (n) . type (b) . type (a) in lipid
peroxidation that is induced peroxide-independently and
mediated by the photoactivation but not by the photo-
reduction of iron(III). The rate of lipid peroxidation induced
L-OOH-dependently is faster than that induced H2O2-
dependently in the mechanism (1), but the rate of lipid
peroxidation induced H2O2-dependently is faster than that
induced L-OOH-dependently in the mechanism (2). In the
lag process of mechanism (3), L-OOH and/or some free
radical species, not 1O2, were generated by photoactivation of
iron(III)–NTA. These multiple pro-oxidant properties that
depend on the species of iron(III)–NTAwere postulated to be
a principal cause of its carcinogenicity.
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nitrilotriacetate; Carcinogenesis; Reactive oxygen species

Abbreviations: BP, 2,20-bipyridyl; DTMA, N-dodecyltrimethyl-
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hydroperoxide; NTA, nitrilotriacetic acid; 1O2, singlet oxygen;
Oz2

2 , superoxide anion radical; zOH, hydroxyl radical; ROS,
reactive oxygen species; TBA, 2-thiobarbituric acid; TBARS,
thiobarbituric acid-reactive substances; TPP, triphenylphosphine

INTRODUCTION

Although iron is an essential element in the living
system, its acute or chronic overload sometimes
causes toxic effects. Several studies have associated
iron poisoning with oxidative damage.[1,2] In vivo
treatment with the ferric chelate of nitrilotriacetate
(NTA), an aminotricarboxylic acid, has been reported
to produce severe acute and subacute nephrotoxicity
and renal adenocarcinomas in experimental ani-
mals.[3 – 5] Oxidized DNA such as bulky DNA
adducts and 8-hydroxydeoxyguanosine were signi-
ficantly increased in renal tumors[3 – 5] and excreted
urine[6,7] of animals administered iron(III)–NTA.
Iron(III)–NTA also increased renal accumulation of
lipid aldehydes such as malondialdehyde (MDA)
and 4-hydroxy-2-alkenals that are derived from lipid
peroxides, in parallel with an increase in protein
carbonyl concentrations.[8,9] In vitro exposure to
iron(III)–NTA complex also induced generation of
hydroxyl radicals (zOH),[10,11] high lipid per-
oxidation[12 – 15] and damage to DNA bases[15,16]

and deoxyribose.[12,17] These results suggest that the
toxic properties of iron(III)–NTA may be due to its
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high oxidation potential. This is confirmed by the
findings that dietary vitamin E, a known scavenger
of free radicals, protects against Fe-NTA-induced
nephrotoxicity by inhibiting lipid peroxidation.[4]

An equimolar complex of iron(III)–NTA was
reported to form three conformations dependent on
pH, that is, type (a) in acidic conditions of pH 1–6,
type (n) in neutral conditions of pH 3–9, and type (b)
in basic conditions of pH 7–10.[18] As shown in
Scheme 1, type (a) has a monomeric structure
coordinated with H2O [(1:1:0) species], type (n) has
a dimeric structure with m-hydroxyl-bridges to
iron(III) [(2:2:-2) species], which is formed by
dehydration and deprotonation of type (a), and
further deprotonation of a OH-bridge of type (n)
makes type (b), which has a dimeric structure with
m-oxo-bridges to iron(III) [(2:2:-4) species]. Recently,
Gabricevic and Crumbliss[19] reported that their pKa
values were 4.36 and 7.58. There is every likelihood
that three types of the iron(III)–NTA complex are
present in urine because of its wide pH range from 4.6
to 7.5. It is important for clarification of carcino-
genisity of iron(III)–NTA complex to investigate
which species of iron(III)–NTA complex is the
powerful oxidant.

It has been widely believed that an effective
oxidant of iron complex is the ferrous type, because it
generates powerful oxidant species. As candidates
for the in vivo reducer of iron(III)–NTA complex,
NADPH-cytochrome p450 reductase,[14,20] oxy-
hemoglobin in circulation,[21] superoxide anion
radical ðOz2

2 Þ produced by xanthine 2 xanthine
oxidase[14,22] and endogenous thiol compounds[8,23]

have been proposed. On the other hand, the evidence
that iron(III)–NTA complex produces 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO) spin adducts in the
absence of a reducer[24] suggests that iron(III)–NTA
complex generates reactive oxygen species (ROS)
without reducer. Furthermore, iron(III)–NTA com-
plex plus H2O2 has also been reported to form zOH
(at pH 7.4)[25] or Oz2

2 (at pH 10)[26] without reducer.
Since iron(III)–NTA is known to be reduced by

photoirradiation,[27] we used photo-chemical
reduction of iron(III)–NTA complex in this
study, because it can be used in acidic and basic
conditions, while the enzymatic reduction cannot.
Furthermore, photo-chemical reduction was preferable

because it does not function like chemical reducers,
which not only reduce iron(III)–NTA complex but
may also affect other redox-related reactions.

In this study, to elucidate the mechanisms of how
iron(III)–NTA complex initiate lipid peroxidation,
we investigated the pH-dependent photo-chemical
reduction of three species of iron(III)–NTA and their
ability for pH-dependent initiation of lipid peroxi-
dation under photo-irradiated and -intercepted
conditions. We further investigated the effect of the
presence of hydroperoxides such as H2O2 and lipid
peroxides on iron(III)–NTA-dependent lipid peroxi-
dation, because peroxides are usually required in
generation of radical oxidants for initiation of lipid
peroxidation.

MATERIALS AND METHODS

Materials

Linoleic acid (LH), 2,20-bipyridine (BP), butyl-
hydroxytoluene (BHT), 2-thiobarbituric acid (TBA),
triphenylphosphine (TPP), and FeðNO3Þ3·9H2O were
obtained from Wako Pure Chemical Industries
(Tokyo, Japan). Sodium nitrilotriacetate (NTA-2Na),
diethylenetriamine pentaacetic acid (DTPA) and
FeðNH4Þ2ðSO4Þ2·6H2O were from Nacalai Tesque
Inc. (Kyoto, Japan). N-dodecyltrimethylammonium
chloride (DTMA) and 1,1,3,3-tetraethoxypropane
(TEP) were purchased from Tokyo Chemical
Industries (Tokyo, Japan). b-Carotene was
purchased from Sigma Chemical Co. (St Louis
USA). a-Tocopherol was kindly provided by Eisai
Co. (Tokyo, Japan). All other reagents were of
analytical grade. Water processed with a Milli-Q
system (Millipore, Milford, MA, USA) was used to
prepare all reagents.

Preparation of Iron(III)–NTA Solution

Stock solutions of FeðNO3Þ3·9H2O (0.1 M) and
NTA-2Na (0.1 M) were prepared on the day of
measurement. The iron-NTA complex was prepared
by adding appropriate amount of iron and NTA from
stock solutions at acidic pH ( , pH 2) to distilled
water before use, and kept in darkness.

SCHEME 1 pH-dependent conformation changes of iron(III)–NTA complex.
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Preparation of LH Micelles

LH was dispersed in the form of mixed micelles with
DTMA. A solution of LH in chloroform was placed
in a test tube, and the solvent was evaporated under
nitrogen. When necessary, a-tocopherol or b-caro-
tene was added to the chloroform solution of LH.
The lipid film of 25mmol LH was dissolved in 5 ml of
50 mM DTMA solution, vortexed and sonicated in a
Bransonic-12 sonic bath (Yamato Tokyo, Japan).[13]

The concentration of linoleic acid hydroperoxides
(L-OOH) contamination in LH was determined by
the xylenol orange method.[28] The commercial LH
sample was contaminated with 0.2 mol% of L-OOH.
When necessary, L-OOH contamination was reduced
by treatment of the LH with TPP in chloroform
solution just before preparation of micelles.

Photoirradiation

Photoirradiation conditions were 92mW/cm2 (UV-A)
and 12mW/cm2 (UV-B) in Fig. 1, 3mW/cm2 (UV-A)
and 1mW/cm2 (UV-B) in Fig. 2, and 720mW/cm2

(UV-A) and 75mW/cm2 (UV-B) in Figs. 3–7. The photo
intensity was monitored using UV-radiometer
UVR-3036/S (Topcon Tokyo, Japan).

FIGURE 1 The pH-dependency of the rate of iron(III)–NTA-
induced TBARS formation in LH micelles under photo-irradiated
and photo-intercepted conditions. (D) photo-irradiated condition;
(†) photo-intercepted condition; (W) difference between photo-
irradiated and photo-intercepted values. Each values were
obtained after subtraction of the values without incubation
from those incubated for 60 min. Concentrations of reagents
were: 5 mM linoleic acid containing 10mM L-OOH, 50 mM
DTMA and 0.2 mM iron(III)–NTA (1:1). The pH was adjusted
with HCl or NaOH. The irradiation condition was 92mW/cm2

(UV-A) or 12mW/cm2 (UV-B). Incubation was carried out at 258C
for 60 min.

FIGURE 2 The pH-dependency of the photoreduction rate of iron(III)–NTA to iron(II)–NTA under anaerobic condition. Concentrations
of irradiated reagents were 0.75 mM iron(III)–NTA (1:1) and 15 mM KCl. The pH was adjusted with HCl or NaOH. Irradiation condition
was 3mW/cm2 (UV-A) and 1mW/cm2 (UV-B). A curve plotted experimentally (solid line with white symbols) was separated by
curve-fitting analysis into two components (broken lines). The inset shows the pH-dependencies of the curve-fitting analyzed reduction
rates of iron(III)–NTA (solid lines) and the fractional diagrams of iron(III)–NTA species (broken lines), which refer to Ogasawara
and Yokoi.[18]
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Assays of Lipid Peroxidation

Lipid peroxidation of LH micelles was measured by
following the consumption of oxygen and formation
of TBA-reactive substances (TBARS). The typical
reaction system consisted of 5 mM LH, 50 mM
DTMA and 0.2 mM iron(III)–NTA. The rate of
oxygen consumption associated with lipid peroxi-
dation was measured with a Clark-type oxygen
electrode, assuming an oxygen concentration of
217mM in the initial incubation mixture at 378C.[14]

When necessary, to intercept the light, a cell of
oxygen electrode was covered with aluminum foil.
The pH was adjusted with HCl or NaOH. The TBA
method was used as described previously.[29] The
oxidation was started by the addition of 20ml of
iron(III)–NTA to 2 ml of LH micelles and stopped by
the addition of 400ml of 40 mM DTPA, followed
by 2 ml of 3 M acetate buffer (pH 3.5), 100ml of an
ethanol solution of 1.6% BHT, and 1 ml of an aqueous
solution of 0.67% TBA. The mixture was heated at
958C for 30 min, cooled with tap water, and mixed
with 4 ml of n-butanol, and the absorbance in
n-butanol was measured at 535 nm. The amount of
TBARS formed was expressed as equivalents of
MDA. The TEP was used as an external standard for
the quantitation of MDA. Other experimental details
are described in the figure legends.

Reduction Rate of Iron(III)–NTA to Iron(II)–NTA

The amount of iron(II)–NTA formed by the photo-
chemical reduction of iron(III)–NTA was determined
from the amount of iron(II)–BP complex formed by
the reaction of BP with iron(II)–NTA.[30] Irradiation
mixture contained 0.75 mM iron(III)–NTA (1:1) and
15 mM KCl, which was vigorously purged with
argon for 20 min before preparation of the mixture.

After irradiation at 258C under an anaerobic
condition, 2 ml of reaction mixture was added to
1 ml of 30 mM BP (final concentrations were 0.5 mM
iron(III)–NTA, 10 mM BP and 10 mM KCl), and the
absorption of iron(II)–(BP)3 formed was measured at
520 nm. The amount of iron(II)–(BP)3 was deter-
mined using the molar absorption coefficient at
520 nm ð1 ¼ 8; 600 M21cm21Þ:[31] The concentrations
of iron(II)–(BP) were plotted versus time, and the
reduction rate was calculated from the slope of the
line using a computer.

Recording of Voltammograms of Iron(III)–NTA

Differential pulse voltammograms were recorded
with a YANACO P-1100 polarographic analyzer
(Yanagimoto Co., Tokyo) with a platinum plate
(30 £ 5 mm) electrode, platinum wire counter
electrode, and saturated calomel electrode (SCE)
reference electrode. All scans were done at room
temperature and at scan rates of 10 mV/s. Volumes
of 15 ml of 10 mM KCl solution at various pH values
were placed in the cell, and the voltammograms
recorded as blanks. Then, an aliquot of 5 mM
iron(III)–NTA (1:1) in 10 mM KCl solution was
added, and the voltammogram curve was recorded
with mechanical stirring. During the measurements,
nitrogen was passed over the surface of the solution.

RESULTS

Lipid Peroxidation Induced by Iron(III)–NTA
under Photo-irradiated and Photo-intercepted
Conditions at Various pH Values

We and other researchers have reported that
iron(III)–NTA complex causes lipid peroxidation

FIGURE 3 The iron(III)–NTA-and iron(II)–NTA-induced oxygen consumption indicative of peroxidation of LH with and without TPP
pretreatment under photo-irradiated and photo-intercepted conditions. The photoirradiation condition was 720mW/cm2 (UV-A) and
75mW/cm2 (UV-B). Incubation was carried out at 378C. (A) Iron(III)–NTA system. (1) Complete system, (2) NTA was omitted from
complete system, (3) iron(III) was omitted from complete system. Solid and broken lines indicate photo-irradiated and photo-intercepted
conditions, respectively. Concentrations of reagents in complete system were: 5 mM linoleic acid containing 10mM L-OOH, 50 mM DTMA
and 0.2 mM iron(III)–NTA. Incubation was carried out at pH 6. The reaction was started by the addition of iron(III)–NTA. (B) Iron(II)–
NTA system. Linoleic acid with (broken lines) or without (solid lines) TPP pretreatment was incubated with iron(II)–NTA at pH 3, pH 6,
and pH 9 under the photo-intercepted condition. Concentrations of reagents were: 5 mM linoleic acid containing 10mM L-OOH, 50 mM
DTMA and 20mM iron(II)–NTA. Linoleic acid (5 mM) was pretreated with and without 50mM TPP. The reaction was started by the
addition of iron(II). Iron(II)–NTA was completely oxidized 2 min after its addition.
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both in vitro and in vivo.[12 – 15] However, although
iron(III)–NTA is known to be reduced by photo-
irradiation,[27] no attention has been paid to the effect
of room light on these experiments. Therefore, we
studied the effect of room light on iron(III)–NTA-
dependent lipid peroxidation. Furthermore, since
iron(III)–NTA is known to form three pH-dependent
conformations,[18] we investigated the effect of pH on
lipid peroxidation to determine which species of
iron(III)–NTA complex is the effective initiator. As
shown in Fig. 1, the rate of TBARS formation in
DTMA micelles of LH incubated with iron(III)–NTA
complex under room light was almost the same at
any pH studied here. No TBARS were produced

at pH 3, and the rate of TBARS formation under the
photo-intercepted condition increased with increas-
ing pH. On the other hand, the difference in the
TBARS formation rate between photo-irradiated and
photo-intercepted conditions, indicative of photo-
dependent lipid peroxidation, was decreased with
increasing pH.

pH Dependency of the Rate of Photo-chemical
Reduction of Iron(III)–NTA Complex

The photo-irradiated reduction of iron(III)–NTA was
investigated by measuring the absorption spectra of
iron(II)–BP complex. Absorbance of iron(II)–(BP)3

FIGURE 4 Time courses of the iron(III)–NTA-induced peroxidation of linoleic acid with and without TPP pretreatment under photo-
irradiated and photo-intercepted conditions at various pH. (1) Linoleic acid (5 mM) was not pretreated with TPP, (2) linoleic acid (5 mM)
was pretreated with 20mM TPP, (3) linoleic acid (5 mM) was pretreated with 50mM TPP. Solid and broken lines indicate photo-irradiated
and photo-intercepted conditions, respectively. Experimental conditions were as shown in Fig. 3. The real rates of lipid peroxidation under
photo-irradiated condition, which were obtained after subtraction of the values measured under photo-intercepted conditions
(broken lines (1)) from the values measured under photo-irradiated conditions (solid (1)), were 85.2, 49.3, and 34.5mM/min at pH 3, pH 6,
and pH 9, respectively.
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complex at 520 nm was gradually produced at the
time of irradiation. Figure 2 shows the pH-
dependency of the rate of photo-chemical reduction
of iron(III)–NTA complex under an anaerobic
condition, which could be divided into two
components, (indicated by broken lines in Fig. 2).
These profiles were completely dependent on the
fractional diagram of iron(III)–NTA complex (inset
in Fig. 2) reported by Ogasawara et al.[18] Judging
from these results and from the conformation of the
equimolar complex dependent on pH (Scheme 1), it
was expected that the monomeric structure [(1:1:0)
species] and the dimeric structure with m-hydroxyl-
bridges to iron(III) [(2:2:-2) species] would be
susceptible to photoreduction but the dimeric
structure with m-oxo-bridges to iron(III) [(2:2:-4)
species] would not.

Reduction Potentials of Iron(III)–NTA

To obtain the reduction potential of iron(III)–NTA,
we measured the differential pulse voltammograms
of iron(III)–NTA in KCl solution at various pH. The
values of reduction potentials were þ0.04 V (pH 3),
20.24 V (pH 6) and 20.40 V (pH 9), which are well
reflected in their easiness to be photo-reduced
(Fig. 2).

Photo-dependent and -independent Lipid
Peroxidation Induced by Iron(III)- and Iron(II)–
NTA with Three Conformations in the Presence
and Absence of Preformed Lipid Peroxides

As shown in Fig. 3(A), oxygen indicative of lipid
peroxidation was rapidly consumed in the complete
system containing LH of DTMA micelles and
iron(III) – NTA at pH 6. The rate of oxygen
consumption of complete system under photo-
irradiated condition was faster than that under

photo-intercepted condition. Little oxygen consump-
tion was observed when iron(III) or NTA was
omitted from complete system.

Ferrous iron is known to catalyze lipid peroxi-
dation by generating powerful oxidant species such
as hydroxyl and lipid alkoxyl radicals by the Fenton
reaction. As the rapid oxygen consumption under
photo-irradiated condition was supposed to be
attributable to the photo-reduced iron(II)–NTA
complex, we investigated the initiation effect of
iron(II)–NTA on lipid peroxidation under photo-
intercepted condition. As was expected, even under
the photo-intercepted condition, iron(II) – NTA
exhibited a very rapid oxygen consumption and
then relatively slow oxygen consumption followed
in the presence of L-OOH (solid lines in Fig. 3(B)).
The oxygen consumption of the latter is possibly
caused by the reaction of oxidized iron(III)–NTA
with endogenous L-OOH, because their rates at pH 6
and 9 were the same as the rates of iron(III)–NTA
system (broken lines (1) in Fig. 4(B) and (C) shown
later). However, when LH was pretreated with TPP,
which reduces endogenous L-OOH to the corres-
ponding alcohol (L-OH),[32] oxygen was slightly
consumed by iron(II)–NTA under the photo-inter-
cepted condition (broken lines in Fig. 3(B)).

Lines (1) in Fig. 4(A)–(C) show the pH-dependency
of the rate of iron(III)–NTA-dependent oxygen
consumption in micelles of LH without TPP-
pretreatment. The order of the rates was pH
3 . pH 6 . pH 9 under the photo-irradiated
condition (solid lines (1)) and pH 9 . pH 6 . pH 3
under the photo-intercepted condition (broken lines
(1)). These results are very consistent with the results
of Fig. 1.

Under the photo-intercepted condition, no oxygen
consumption occurred at any pH value in the system
of LH pretreated with TPP (broken lines (3) in Fig. 4),
indicating that the photo-independent lipid peroxi-
dation was L-OOH-dependently induced by iron-
(III)–NTA. But under the photo-irradiated condition,
rapid oxygen consumption occurred after a time lag
in TPP-pretreated LH micelles (solid lines of (2) and
(3) in Fig. 4(A)–(C)). The rates of rapid oxygen
consumption after lag period in micelles of LH
pretreated with TPP (solid lines of (2) and (3)) were
almost the same as that in micelles of LH without
TPP pretreatment (solid lines of (1)) in either pH
conditions. However, the lag time increased with the
increase in the concentration of pretreated TPP, that
changed pH dependently. The length of the lag
period was in the order pH 3 . pH 9 . pH 6
(Fig. 5). The surplus TPP would be consumed by the
L-OOH and/or some radicals generated by photo-
activated iron(III)–NTA during the lag period in the
order pH 6 . pH 9 . pH 3, and after TPP
disappeared, rapid lipid peroxidation was induced
L-OOH-dependently.

FIGURE 5 The effect of TPP concentration on lag period of the
iron(III)–NTA-induced lipid peroxidation at pH 3, 6, and 9 under the
photo-irradiated condition. Data were obtained from Fig. 4(A)–(C)
(solid lines (1)–(3)).
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The Effect of b-carotene and a-tocopherol on the
Iron(III)–NTA-dependent Lipid Peroxidation

To elucidate the mechanism of what active oxygen
species are generated by photoirradiation during the
lag period, we investigated the effect ofa-tocopherol, a
well-known radical scavenger, and b-carotene, a well-
known singlet oxygen (1O2) scavenger on the iron(III)–
NTA-induced lipid peroxidation. As shown in Fig. 6,
under photo-irradiated and photo-intercepted con-
ditions, a-tocopherol inhibited lipid peroxidation but
b-carotene did not inhibit lipid peroxidation and
shortened the lag period. These results indicate that
some free-radicals, but not 1O2 , participate in the
initiation processes of the lipid peroxidation.

H2O2-dependent Lipid Peroxidation Induced
by Iron(III)–NTA under Photo-irradiated
and Photo-intercepted Conditions

We recently observed that iron(III)–NTA complex
generated H2O2 and zOH under photo-irradiated
conditions (manuscript in preparation). Accordingly,
we investigated the effect of catalase on iron(III)–
NTA-dependent lipid peroxidation. Addition of
catalase (1000 IU/ml) showed a slight inhibition of
lipid peroxidation at pH 6 under photo-irradiated
condition (data not shown), indicating that H2O2

contributes a little to the photo-induced iron(III)–
NTA-dependent lipid peroxidation. We further
studied the effect of H2O2 externally added on

FIGURE 6 The effect of b-carotene and a-tocopherol on the iron(III)–NTA-induced peroxidation of linoleic acid with and without TPP
pretreatment under photo-irradiated and photo-intercepted conditions. (A) The rate of lipid peroxidation under photoirradiation
condition. Linoleic acid was not pretreated with TPP. (B) The rate of lipid peroxidation under photo-intercepted condition. Linoleic acid
was not pretreated with TPP. (C) The rate of lipid peroxidation under photoirradiation condition. Linoleic acid was pretreated with 50mM
TPP. (1) none (control), (2) b-carotene (50mM), (3) a-tocopherol (10mM), (4) a-tocopherol (50mM). Incubation was carried out at pH 6.
Other experimental conditions are as shown in Fig. 3.
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iron(III)–NTA-induced lipid peroxidation at pH 3
and 6 (examination was not done at pH 9 because of
instability of H2O2). As shown in Fig. 7, lipid
peroxidation was induced by the addition of H2O2 in
the absence of L-OOH in TPP-pretreated LH either
under photo-irradiated or photo-intercepted con-
dition. The oxygen consumption rates were higher
under the photo-irradiated condition (Fig. 7(B) and
(D)) than under photo-intercepted condition (Fig.
7(A) and (C)). Under photo-intercepted condition at
pH 3 (Fig. 7(A)), lipid peroxidation in the system of
TPP pretreated was not induced in the absence of
H2O2 (solid line (1)) but induced after a time lag in
the presence of H2O2 (solid lines (2) and (3)). The
length of the lag period decreased with the increase
in the concentration of H2O2 added. The progress of
oxygen consumption after a time lag was two steps,
faster rate at first followed by a slower rate (a solid
line (3) in Fig. 7(A) is typical), and the rate of the
latter (solid lines (2) and (3)) was the same as the rate
of TPP-untreated system (broken line (1)). We
supposed that after the surplus TPP was consumed
by the H2O2 added and zOH formed from it by the
reaction with iron(III)–NTA during lag period,
H2O2-dependent faster lipid peroxidation started,
and then the L-OOH-dependent slower lipid
peroxidation followed after H2O2 disappeared.

Similar results were observed at pH 6 (Fig. 7(C)).
The oxygen consumption rates during and imme-
diately after a time lag were higher at pH 6 (Fig. 7(C))

than at pH 3 (Fig. 7(A)), indicating that the ability of
iron(III)–NTA for initiation of H2O2-dependent lipid
peroxidation was: (2:2:-2) . (1:1:0).

The rates of photo-induced oxygen consumption
after a time lag in the presence and absence of H2O2

were shown in Fig. 7(B) and (D). The rates of lines (2)
and (3) after a time lag which were induced by
photo-irradiated iron(III)–NTA dependently on
H2O2, were higher at pH 3 than at pH 6. These
rates (lines (2) and (3)) were slower than those of
lines (1), which would be induced by photo-
irradiated iron(III)–NTA dependently on L-OOH
formed during lag period, at either pH 3 or 6,
indicating that photo-reduced iron(II)–NTA induced
more rapidly L-OOH-dependent lipid peroxidation
than H2O2-dependent lipid peroxidation.

DISCUSSION

We investigated the mechanism of lipid peroxidation
induced by carcinogenic iron(III)–NTA which has
three pH-dependent conformations. Oxygen con-
sumption indicative of iron(III)–NTA-dependent
lipid peroxidation was more facilitated in the
photo-irradiated condition than in the photo-inter-
cepted condition at any pH value (Fig. 4). The results
obtained by measuring oxygen consumption corre-
lated well with those obtained by measuring TBARS
formation (Fig. 1). The orders of the facilitation by

FIGURE 7 The iron(III)–NTA-induced peroxidation of linoleic acid with TPP pretreatment in the presence of H2O2 at pH 3 and 6 under
photo-irradiated and photo-intercepted conditions. Reaction mixtures containing 5 mM linoleic acid pretreated with or without 50mM
TPP, 50 mM DTMA and 0.2 mM iron(III)–NTA were incubated in the presence of 100 or 200mM H2O2. (1) none (control), (2) 100mM H2O2 ,
(3) 200mM H2O2. Solid lines: linoleic acid (5 mM) was pretreated with 50mM TPP; broken lines: linoleic acid (5 mM) was not pretreated
with TPP. (A) The rate of lipid peroxidation at pH 3 under photo-intercepted condition. (B) The rate of lipid peroxidation at pH 3 under
photoirradiation condition. (C) The rate of lipid peroxidation at pH 6 under photo-intercepted condition. (D) The rate of lipid peroxidation
at pH 6 under photoirradiation condition. The incubation and photoirradiation conditions are as shown in Fig. 3.
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iron(III)–NTA were as follows: (1:1:0) . (2:2:-2) .
(2:2:-4) in photo-dependent lipid peroxidation, and
(2:2:-4) . (2:2:-2) . (1:1:0) in photo-independent
lipid peroxidation (Fig. 4). These results suggest
that there are atleast two mechanisms for initiation of
lipid peroxidation by iron(III)–NTA, photo-depen-
dent and photo-independent mechanisms. Further-
more, as mentioned below, the former mechanism
has two processes: one includes the photoreduction
of iron(III)–NTA to iron(II)–NTA complex, which
facilitates the lipid peroxidation, as iron(II)–NTA
does, and the other does not.

We previously reported that iron(II) – NTA
induced oxidation of LH micelles in the presence of
L-OOH by the following equations.[13]

L–OOH þ ironðIIÞ–NTA

! L–Oz þ ironðIIIÞ–NTA þ OH2

L–Oz þ LH ! L–OH þ Lz ðinitiation reactionÞ

Pretreatment with TPP, which is known to reduce
L-OOH to L-OH, attenuated these reactions.[13,33]

Therefore, we investigated the effect of TPP
pretreatment on iron(III)–NTA-dependent lipid
peroxidation. Under the photo-intercepted
condition, no oxygen consumption occurred in
TPP-pretreated LH micelles, but under the photo-
irradiated condition, oxygen consumption occurred
after a lag period. The pH-dependent profile of the
photoreduction rate of iron(III)–NTA complex,
which showed rapid photoreduction of (1:1:0)
species, slow photoreduction of (2:2:-2) species and
no photoreduction of (2:2:-4) species (Fig. 2),
suggests that the (1:1:0) and (2:2:-2) species induce
L-OOH-dependent lipid peroxidation mediated by
photoreduction in acid and neutral conditions,
respectively, but (2:2:-4) species does not in alkaline
condition.

The rate of L-OOH-dependent lipid peroxidation
under photo-intercepted condition was in the order
pH 9 . pH 6 . pH 3 (Fig. 4). This order was in
proportion to the order of their reduction potentials,
suggesting that iron(III)–NTA gives the initiators
such as L-Oz by the reductive cleavage of L-OOH.

The time lag increased with the increase in the
concentration of the TPP pretreatment (Fig. 5). We
conjectured that the surplus TPP used to reduce
L-OOH is consumed during lag period by photo-
irradiated iron(III)–NTA, and then the apparent
oxygen consumption induced was dependent on
L-OOH. These results suggest that induction of
photo-dependent lipid peroxidation by iron(III)–
NTA was L-OOH-dependent and -independent, but
photo-independent lipid peroxidation was induced
only L-OOH-dependently.

Photo-dependent and -independent lipid peroxi-
dations were also induced by iron(III)–NTA in

the presence of H2O2 instead of L-OOH. In photo-
irradiated system, zOH generated from H2O2 by
Fenton reaction with photo-reduced iron(II)–NTA
was supposed to be an initiator of the lipid
peroxidation. In photo-intercepted system, zOH was
also suggested to function as an initiator of the lipid
peroxidation, because iron(III)–NTA complex plus
H2O2 was reported to form zOH (at pH 7.4) without
reducer.[25] The rate of H2O2-dependent lipid
peroxidation was faster under photo-irradiated
condition than under photo-intercepted condition
(Fig. 7). The former system would generate zOH
faster than the latter system does. Under photo-
intercepted condition, the oxygen consumption rates
during and just after a time lag were higher at pH 6
than at pH 3 (solid lines (3) in Fig. 7(A) and (C)),
indicating that the order of the initiation ability of
iron(III)–NTA/H2O2-dependent lipid peroxidation
was: (2:2:-2) . (1:1:0).

The reactions of photosensitizers are divided into
two groups: formation of free-radicals (type I
reaction) and generation of 1O2 (type II reaction).[34]

The type II reaction is unlikely during the lag time
because the 1O2 scavenger b-carotene neither
inhibited the photo-irradiated lipid peroxidation
nor elongated the lag period (Fig. 6). Contrary to
expectation, b-carotene showed the pro-oxidant
effect (line (3) in Fig. 6(B) and (C)). We did not give
a reason for pro-oxidant effect of b-carotene but
supposed it may act as a initiator of lipid
peroxidation, because Niki[35] reported the possi-
bility that b-caroteneperoxyl radical, which is
formed by the reaction of b-carotene with peroxyl
radical, attacks lipids and abstracts hydrogen to
induce the chain reaction.

It is also unlikely that H2O2 generated through
auto-oxidation of reduced iron(III)–NTA during the
lag period is a main initiator, because there were no
correlation between the activities of the three
iron(III)–NTA species in shortening the lag time
(Fig. 5) and their abilities to be photo-reduced from
iron(III) to iron(II) (Fig. 2), by which H2O2-dependent
lipid peroxidation was induced. The photoexcited
photosensitizer is well known to abstract an electron
from the acceptor substrate.[34] Since a radical
scavenger a-tocopherol effectively inhibited the
photo-irradiated lipid peroxidation (Fig. 6), we
supposed that photo-activated iron(III) – NTA
(*Fe3þ-NTA in Scheme 2) may directly draw
hydrogen from LH to form Lz, which is scavenged
by a-tocopherol. A possibility of non-radical species
such as an activated iron oxygen complex being
generated still remains, because the inhibitory effect
of a-tocopherol might be caused by scavenging
L-OOz derived from the activated complex. From the
pH-dependency of shortening the lag period in the
system with TPP treatment (Fig. 5), the order of type
I reaction was: (2:2:-2) . (2:2:-4) . (1:1:0).
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Considering these results, we propose three
mechanisms for initiation of iron(III)–NTA-depen-
dent lipid peroxidation as summarized in Scheme 2:
(1) photo-reduced iron(II) – NTA reacts with
preformed L-OOH and/or the H2O2 generated
from Oz2

2 by auto-oxidation of iron(II)–NTA, and
forms L-Oz and/or zOH (Eq. 1), initiators of lipid
peroxidation (Eq. 4); (2) iron(III)–NTA reductively
cleaves L-OOH and/or H2O2 without being
reduced to iron(II)–NTA, and forms initiators such
as L-Oz and/or zOH (Eq. 2); or (3) photo-activated

iron(III)–NTA draws the hydrogen directly from LH
to form Lz (Eq. 3), which facilitates the propagation
of lipid peroxidation (Eq. 4). The relative abilities of
the three species of iron(III)–NTA to catalyze
the five reactions in Scheme 2 were summarized in
Table I.

The pH-dependent reactions for generation of active
oxygen species, which catalyze the initiation step
(Eq. 4 in Scheme 2) of the chain reaction of lipid
peroxidation, wereasfollows: at thecondition of pH 9, a
reaction only progressed under photo-intercepted

SCHEME 2 Proposed mechanisms for initiation of iron(III)–NTA-dependent lipid peroxidation.

TABLE I Relative abilities of the three species of Fe3þ-NTA to catalyze the reactions for initiation initiation of lipid peroxidation

Fe3+-NTA species

Reaction in Scheme 2 (1:1:0) (2:2:-2) (2:2:-4) Suggested findings

þþþ þþ – Fig. 2

þþþ þþ – Fig. 4 (legend) and Fig. 5

þþþ þþ – Fig. 7(B) and (D)

^ þ þþ Fig. 1(†) and Fig. 4

þ þþ NE Fig. 7(A) and (C)

þ þþ þþ Fig. 5

NE – NE Fig. 6

þþþ þþ þ Fig. 4 (legend)

þþþ þþ þ Fig. 4

*L-OOH system, **H2O2 system, NE: not examined The reaction was faster catalyzed L-OOH-dependently than H2O2-dependently (from the results of Fig.
7(B) and (D)) The reaction was faster catalyzed H2O2-dependently than L-OOH-dependently(from the results of Fig. 7(A) and (C)).
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condition, and reactions progressed under
photo-irradiated condition. Reactions did not
occur either in photo-irradiated or photo-intercepted
condition. At the conditions of pH 3 and pH 6, a
reaction only progressed under photo-intercepted
condition. However, under photo-irradiated condition,
reactions mainly progressed in the presence of
L-OOH and reactions mainly progressed in the
absence of L-OOH.

Recently, we reported that iron-chelate must bind
to the membrane by coulombic attraction between
the charged membrane and a chelate carrying the
opposite net charge, and that among the iron-
chelates tested, only iron(III)–NTA was an effective
catalyst of peroxidation of membranes charged
negatively and positively.[14] From these findings,
we postulated that the unique catalytic capacity of
the iron(III)–NTA complex can be explained by its
existence in two forms, presumably (2:2:-2) and
(2:2:-4) species, at neutral pH, each binding to
oppositely charged membranes and initiating their
peroxidation, which may be an important factor in its
carcinogenicity. As the pH range of urine is broad
(4.8.–7.5), three conformations of iron(III)–NTA are
present depending on pH change of urine. The
characteristics of iron(III)–NTA with three confor-
mations, which have different abilities to induce
lipid peroxidation by three different mechanisms
observed in this study, also might cause its oxidative
renal carcinogenesis.
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