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Abstract

Oxidative renal tubular injuries and carcinogenesis induced by FeIII-nitrilotriacetate (NTA) and FeIII–
ethylenediamine-N,N¢-diacetate (EDDA) have been reported in rodent kidneys, but the identity of iron
coordination structure essential for renal carcinogenesis, remains to be clarified. We compared renal
tubular injuries caused by various low molecular weight aminocarboxylate type chelators with injuries due
to NTA and EDDA. We found that FeIII-iminodiacetate (IDA), a novel iron-chelator, induced acute
tubular injuries and lipid peroxidation to the same extent. We also prepared FeIII-IDA solutions at different
pHs, and studied resultant oxidative injuries and physicochemical properties. The use of FeIII-IDA at
pH 5.2, 6.2, and 7.2 resulted in renal tubular necrosis and apoptotic cell death, but neither tubular necrosis
nor apoptosis was observed at pH 8.2. Spectrophotometric data suggested that FeIII-IDA had the same
dimer structure from pH 6.2 to 7.2 as FeIII-NTA; but at a higher pH, iron polymerized and formed clusters.
FeIII-IDA was crystallized, and this was confirmed by X-ray analysis and magnetic susceptibility mea-
surements. These data indicated that FeIII-IDA possessed a linear l-oxo bridged dinuclear iron (III)
around neutral pH.

Abbreviations: TUNEL – TdT-mediated dUTP nick end labeling; TBARS – thiobarbituric acid reactive
substance; ESR – electron spin resonance

Introduction

Ferric nitrilotriacetate (FeIII-NTA) is a well-
known renal carcinogen, and FeIII-NTA-injected
animals have been used as a model of free-radical
carcinogenesis (Iqbal et al. 2003; Mizote et al.
2002). Free radical injuries by repeated injections
of FeIII-NTA were clearly demonstrated, and
resulted in renal carcinoma (Okada 1996, 2003).
When FeIII-NTA is intraperitoneally injected
into animals, lipid peroxidation and oxidative

modification of proteins and DNA occur in renal
proximal tubules, and tubular epithelial cells are
damaged (Toyokuni et al. 1993; Ma et al. 1997).
Thiobarbituric acid reactive substance (TBARS)
has also been shown to increase in kidneys, and
cold Schiff’s staining showed lipid peroxidation in
renal proximal tubules (Okada et al. 1991) in
FeIII-NTA-treated animals. Increases in 4-hydro-
xy-2-nonenal (4-HNE)-modified proteins and
8-hydroxy-deoxyguanosine (8-OH-dG) were pre-
viously demonstrated using biochemical and
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immunohistochemical methods (Toyokuni et al.
1994, 1996). In FeIII-NTA-injected mice, amount
of reduced glutathione decreased, and the oxidized
form increased when metabolic rate of glutathione
was accelerated (Okada et al. 1993). a-Tocopherol
was shown to prevent the above FeIII-NTA-
induced renal injuries and carcinogenesis (Zhang
et al. 1997).

Repeated injections of with FeIII-NTA result in
appearance of atypical epithelial cells in renal
tubules, and finally in induction of renal carci-
noma (Toyokuni 1996; Ma et al. 1998). Kawabata
et al. (1997) reported that some damaged tubular
cells disappeared from the tubules due to apopto-
sis in FeIII-NTA injected mice. In addition, Hiro-
yasu et al. (2002) reported specific allelic loss of
the p16 (INK4A) tumor suppressor gene in rats
after a few weeks of repeated FeIII-NTA injec-
tions. A few DNA-damaged cells that did not
undergo apoptosis might have changed into renal
carcinoma cells.

From all these previous studies, there is no
doubt that FeIII-NTA induces renal carcinoma
through a free radical mechanism, and detailed
molecular mechanisms of FeIII-NTA-induced car-
cinogenesis are currently being clarified. However,
chemical properties necessary for renal tubular
injury and carcinogenesis remain unknown. We
previously reported that FeIII-EDDA showed the
same effects as FeIII-NTA in renal tubules, ulti-
mately inducing renal carcinoma (Liu et al. 1994);
other iron chelators such as FeIII-citrate and
-ADP, did not induce renal tubular injuries (Liu
et al. 1991). FeIII-NTA and –EDDA show spec-
trophotometric properties of a dimer iron struc-
ture (Nishida et al. 1995), and FeIII-NTA was
crystallized as a dimer iron with a l-oxo
and l-carbonato bridge (Nshida et al. 1991).
Therefore, we hypothesize that iron coordination
compounds with a dimer structure are effective for
renal carcinogenesis.

To prove our hypothesis of iron-induced car-
cinogenesis, we comprehensively screened various
low molecular weight aminocarboxylate type iron
chelators similar to NTA and EDDA, and inves-
tigated their effects on renal tubular injuries. We
confirmed renal tubular injuries using hematoxylin-
eosin staining and immunohistochemistry. Exper-
imental results were compared with TBARS values
as markers of lipid peroxidation, and apoptosis
detection patterns obtained using in situ TUNEL

staining. We identified FeIII-IDA, a novel iron
chelator, that induced oxidative renal tubular
injuries. Treatment with FeIII-IDA resulted in
renal tubular damage at pH 5.2, 6.2, and 7.2, but
neither tubular necrosis nor apoptosis was
observed at pH 8.2. The coordination structure of
FeIII-IDA was investigated by UV–Vis and ESR
spectra of the chelator in solution, and in serum at
different pHs. Elemental analysis, single crystal
X-ray study, and magnetic susceptibility analysis
of crystallized FeIII-IDA were performed for
chemical structure determination.

Materials and methods

Reagents

Nitrilotriacetic acid (disodium salt; NTA) was
purchased from Sigma Chemical Co. (St Louis,
MO, USA). All other chelators were of the highest
quality, and were available from Wako Pure
Chemicals Co., Ltd (Osaka, Japan). Iron chelators
were prepared just prior to use, according to the
FeIII-NTA preparation method, as previously de-
scribed (Awai et al. 1979). Iron concentration was
1 mg/ml, molar ratio of iron to chelator was 1:4,
and pH was adjusted with sodium bicarbonate
(Ishizu, Japan).

In vivo experiments

Six-week-old male Wistar rats weighing 130–150 g
were obtained from the Shizuoka Laboratory
Animal center (Shizuoka, Japan), and were fed
with standard laboratory food (Oriental Yeast
Industry, Osaka, Japan) and water ad libitum.
Animals were randomly divided into control
groups and iron-injected groups (5–7 animals in
each group). Iron chelators or an equivalent dose
of the corresponding chelator without iron (con-
trols) were intraperitoneally injected into rats at a
dose of 7.5 mg Fe/kg body weight. Rats were
euthanatized 6 h after injection, and kidneys were
promptly removed for histological and biochemi-
cal analyses. Serum was centrifuged after coagu-
lation for 10 min at 3000 rpm. Serum iron
concentration and iron binding capacity of tran-
ferrin were measured using an internationally
standardized method (Goodwin et al. 1966).
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Morphological study and quantification

Rat kidneys were fixed in 20% buffered formalin
overnight, and were embedded in paraffin follow-
ing tissue processing. Then, thin sections were
prepared using routine methods, and were stained
with hematoxylin and eosin. Apoptotic cells were
detected in situ by TUNEL staining with a
TREVIGEN TUNEL detection kit (MD, USA)
according to the manufacturer’s protocols. Num-
bers of TUNEL-positive cells were assessed by two
pathologists in five random�200-magnification
fields. The number of positive cells in each 100
cells was quantified in three different blocks.

Deoxyribose degradation assay

Deoxyribose degradation was assayed using the
method of Halliwell et al. (1987). Deoxyribose
(0.2 ml, 5 mM), 0.2 ml 100 mM H2O2, and
0.1 mM catalase as an inhibitor for decomposition
of H2O2 were mixed together. Then, 100 lM
ascorbic acid was added, and the reaction was
started by addition of 0.1 mM iron chelator. After
incubation at 37 �C for 60 min, 0.2 ml 1% TBA in
50 mM NaOH were added, followed by 0.2 ml
2.8% trichloroacetate, and the mixture was heated
at 100 �C for 10 min. The resulting pink chromo-
gen was extracted with 4 ml n-butanol, and its
concentration was measured spectrometrically at
532 nm. Iron chelators and ascorbic acid were
prepared immediately prior to each experiment.
pH was adjusted to 7.2 with sodium bicarbonate.

Measurement of lipid peroxidation

We measured TBARS content in kidneys to assess
lipid peroxidation, as previously described (Ohk-
awa et al. 1979). Values were expressed in nM
malondialdehyde/100 mg tissue, and were
calibrated with the external standard 1,1,3,3-
tetramethoxypropane (Sigma Chemical Co., Ltd.
St Louis, MO, USA).

Spectrophotometric analysis

UV/Vis absorption spectra were measured at room
temperature with a Hitachi UV/Vis absorption
spectrophotometer (Ibaragi, Japan). ESR spectra
were recorded at 77 K with a JES-PX2300 ESR
spectrometer (JOEL Co. Ltd, Tokyo, Japan). All

other conditions are stated in appropriate figure
legends.

Structural determination

By adding methanol to the FeIII-IDA solution
([IDA]/[Fe3+] = 4, pH = 7.0), brown solids were
obtained. These were then recrystallized from a
water/methanol (1/1) solution to give brown
crystals. Elemental analyses of carbon, hydrogen,
and nitrogen were conducted with a Yanako MT-5
CHN recorder (Kyoto, Japan). Single crystal
X-ray analyses were performed with a Rigaku
X-ray analysis system RASA-7R (Tokyo, Japan),
and the crystal structure was shown by Oak
Ridge Thermal Ellipsoid Plot (ORTEP) drawing.
Magnetic susceptibilities were measured using
the Faraday method over a temperature range of
87–293 K (Saga University, Japan). Bohr mag-
netic moments were calculated to determine the
ligand structure.

Results

Acute tubular injuries caused by various chelators
similar to NTA and EDDA were examined in the
present study (Figure 1). All chelators contained
amine and carboxyl groups able to bind to ferric
ions at physiological pH. We prepared all iron
chelators just prior to use, according to the
methods of Awai et al., and injected them into the
rats’ peritoneum. Renal tubular necrosis was
analyzed by routine H/E staining, and was com-
pared with those induced by FeIII-NTA and
-EDDA. Cytotoxic chelator-induced renal tubular
necrosis developed 6 h after intraperitoneal injec-
tion (Figure 2). FeIII-IDA at pH 5.2, 6.2, and 7.2
caused renal proximal tubule necrosis to similar
extents as FeIII-NTA and –EDDA; however, at
pH 8.2, FeIII-IDA did not induce tubular necrosis.
Other chelators did not induce tubular necrosis.

To qualitatively assess renal injuries, we mea-
sured level of TBARS in the kidneys. Figure 3
shows TBARS level in kidneys 6 h after iron
injection. FeIII-IDA at pH 6.2 and 7.2 resulted in
the same TBARS amount as with FeIII-NTA, and
this amount decreased with increasing pH as stated
above. FeIII-IDA at pH 8.2 showed the same
amount of TBARS as the control. Apoptotic cell
death in renal tubules was assessed after FeIII-IDA
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Figure 2. Proximal tubules necrosis in rat kidneys 6 h after injection of (A) FeIII-IDA at pH 6.2, (B) FeIII-IDA at pH 8.2. Hematoxylin
and eosin staining (magnification, �100). Proximal tubular cells were specifically destroyed by FeIII-IDA at pH 5.2, 6.2, and 7.2.
Effects of FeIII-IDA at pH 8.2 were not observed. Patchy degeneration of the proximal tubular epithelium with pyknotic nuclei (small
arrowheads). Regenerative cells are large and irregularly shaped with prominent nucleoli (large arrowheads). These cells were quan-
titated for necrotic cells. Data are presented as means ±SD (5–7 animals). *Significantly different (P<0.05).

Figure 1. Chemical structure of the aminocarboxylate type chelator used in this study.

678



injection. Apoptotic cells were detected as
TUNEL-positive cell nuclei in rat renal tubules
injected with FeIII-IDA at pH 5.2, 6.2, and 7.2; but
in renal tubules injected with FeIII-IDA at pH 8.2,
there were no TUNEL-positive cells (Figure 4).
FeIII-IDA at pH 5.2, 6.2, and 7.2 induced DNA
damage in renal tubules, and tubular cells under-
went apoptosis. However, at pH 8.2, FeIII-IDA did
not induce DNA damage. FeIII-EDTA with
ascorbic acid was significantly detected via deoxy-
ribose degradation. FeIII-NTA, -EDDA, and -IDA

were significantly degraded without ascorbic acid,
and were inhibited by catalase (Figure 5).

We studied the molecular environments of
FeIII-IDA solutions at varying pHs using UV–Vis
absorbance and ESR spectroscopy. With regards
to UV–Vis absorbance, characteristic absorption
similar to that of the FeIII-NTA solution appeared
at around 440 nm, and revealed a shoulder at
480 nm (Figure 6A). With ESR, a peak at
g = 4.60 was predominantly recorded in the FeIII-
IDA solution at pH 5.2; this was derived from
mononuclear iron chelators. As the pH of the
FeIII-IDA solution increased, the signal decreased,
and the ESR signal was generally silent from
pH 6.2 to 7.2. At a higher pH, a smaller signal
remained at a little higher magnetic field (Fig-
ure 6B). Decrease in the mononuclear signal at
around neutral pH was very similar to that seen
with pH-dependent changes of FeIII-NTA.

Serum iron concentration was almost the same
at each pH after FeIII-IDA injection (Figure 7).
FeIII-NTA, -EDDA, and -EDTA also showed the
same iron concentration as FeIII-IDA. Iron level
far exceeded total iron binding capacity (TIBC) of
transferrin (data not shown). ESR spectra in ser-
um 1 h after FeIII-IDA injection is shown in Fig-
ure 8. The g = 4.3 signal derived from the
mononuclear complex was observed with injection
of a pH 5.2- solution. Following FeIII-IDA injec-
tion around neutral pH, only the transferrin signal
was observed. An unknown signal around g = 2.0
appeared after injection of a higher pH solution,

Figure 3. Effects of different pHs on TBA reactivity in FeIII-
IDA-injected rat kidneys. The assay was performed as de-
scribed in Materials and Methods. Data are presented as means
±SD (5–7 animals). *Significantly different (P<0.05).

Figure 4. In situ end-labeling (TUNEL staining) in rat renal tissues after FeIII-IDA injection at pH 6.2 (magnification, �100). The
arrowheads indicate TUNEL-positive cells. Apoptotic cells are observed in the proximal tubules of FeIII-IDA (pH 5.2, pH 6.2, and
pH 7.2)-injected rat kidneys. Data are presented as means ±SD (5–7 animals). *Significantly different (P<0.05).
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and the signal was not observed in FeIII-IDA
solutions.

Composition of elements in the crystallized
form of FeIII-IDA at pH 7.0 was also determined:
C, 21.57%; H, 3.95%; and N, 6.28%, and was
practically calculated for Fe2(O)(ida)4Na4(H2O)8:
C, 21.64%; H, 4.09% and N, 6.31%. Bohr mag-
netic moments of the compound were 2.15 and
1.07 BM at 293 and 86.7 K, respectively; and the

magnetic property of this complex could be rea-
sonably explained based on the theoretical
expression for the binuclear iron (III) complex
with J=)84.8 cm)1. These data suggested that this
complex was derived from a binuclear iron (III)
structure with an oxo-bridge (Tkahashi et al.
1985). The chemical structure of the crystallized
FeIII-IDA at pH 7.0 was obtained using single
crystal X-ray analysis (Figure 9).

Figure 5. Comparisons of effects between different FeIII-
chelators on deoxyribose degradation. The assay was per-
formed as described in Materials and Methods. Fe, FeIII-che-
lator is �; Fe/ascorbate, FeIII-chelator and ascorbate is n; Fe/
ascorbate/catalase, FeIII-chelate and ascorbate and catalase is

n; untreated control is n. Results represent means ±SD (n=6).
*Significantly different (P<0.05).

Figure 6. UV–Vis absorption and ESR spectra of iron chelator solutions. (A) UV–Vis absorption spectra of (a1) FeIII-IDA at pH 5.2,
(a2) FeIII-IDA at pH 6.2, (a3) FeIII-IDA at pH 7.2, (a4) FeIII-IDA at pH 8.2, and (b) FeIII-NTA were recorded at room temperature
with a Hitachi UV/Vis absorption spectrophotometer (Ibaragi, Japan). (B) ESR spectra of these iron chelator solutions were recorded
at 77 K with a JOEL JES-PX2300 ESR spectrometer (Tokyo, Japan) under the following conditions: frequency, 9.038 GHz;
microwave power, 5.0 mW; modulation width, 0.06 mT; sweep time, 4.0 min; amplitude, 100.

Figure 7. Serum iron concentration after a single intraperito-
neal injection of FeIII-IDA (7.5 mg Fe/kg body weight): (a1)
pH 5.2, (a2) pH 6.2, (a3) pH 7.2, (a4) pH 8.2. Results represent
means ±SD of each group (3–5 animals).
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Discussion

Determination of the coordination structure of iron
chelators that promote carcinogenesis is the most
important key in understanding chemical carcino-
genesis, and its prevention. We previously reported
two kinds of chelators that induced renal carci-
noma: FeIII-NTA and -EDDA. Because of physi-
cochemical data, we hypothesized that the l-oxo
dimer structure was essential for iron-induced free
radical injuries, and ensuing carcinogenesis.
Chemically, this structure has been reported to be a
pivotal structure required for dioxide activation
(Nishida 1989), because hydrogen peroxide
attached to a dimer iron acquires strong electro-
philicity, and makes an electrophilic attack on
biomolecules (Nishida 1999).

We assessed several iron chelators similar to
NTA and EDDA for their ability to induce renal

tubular injuries (Figure 1). In addition to FeIII-
NTA and -EDDA, FeIII-IDA induced severe renal
tubular injuries in rat kidneys. Crystallized FeIII-
IDA at pH 7.0 contained a l-oxo bridged dimer
iron according to X-ray magnetic susceptibility
analyses. From solution UV–Vis absorption
spectrum analysis, FeIII-IDA had almost the same
spectrum as FeIII-NTA, and showed the same
absorption at around 440 nm with a shoulder at
480 nm (Figure 6A), which was assigned to a
charge-transfer transition from the l-oxo ligands
to a d orbital of FeIII (Donald et al. 1990; Que
et al. 1990). Around neutral pH, ESR signals were
silent, indicating the presence of a dimer structure
of FeIII-IDA, and anti-ferromagnetism (Carl et al.
1995). In solution, FeIII-IDA also existed in
a l-oxo dimer iron at neutral pH.

This might also be true in rat serum. Ferric iron
is ligand exchange-labile in solution. Blood pH is
tightly maintained at pH 7.4, and thus FeIII-IDA
can easily exchange with other ligands. In fact,
ferric iron was rapidly transferred to serum
transferrins, and residual excess iron was in the
mononuclear form after injection of the pH 5.2
FeIII-IDA solution. However, in sera after injec-
tion of higher pH solutions, we did not observe the
mononuclear iron. Since iron concentration was
the same, the ESR-silent iron was present in sera,
indicating that FeIII-IDA had a dimer structure or
a more aggregated one. A new broad signal

Figure 8. ESR spectra of serum 1 h after FeIII-IDA injection:
(a1) pH 5.2, (a2) pH 6.2, (a3) pH 7.2, (a4) pH 8.2. ESR spectra
were recorded at 77 K with a JOEL JES-PX2300 ESR spec-
trometer (Tokyo, Japan) under the following conditions: fre-
quency, 9.036 GHz; microwave power, 5.0 mW; modulation
width, 0.6 mT; sweep time, 4.0 min; amplitude, 200.

Figure 9. Chemical structure of the l-oxo bridged dimer iron
in crystallized FeIII-IDA at pH 7.0 by ORTEP drawing of
[Fe2O(IDA)4]

4) ion.
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around g=2.0 appeared after injection of the
pH 8.2 solution, which possibly derived from a
cluster complex with s=1/2 (Hearth et al. 1992).
Therefore, in rat sera, FeIII-IDA may also exist in
a l-oxo dimer iron at neutral pH.

Finally, we would like to discuss differences
between free radical injuries induced by a l-oxo
dimer iron, and the so-called Fenton-type reaction
(Engelmann et al. 2003). FeIII-EDTA is reported
to be a mononuclear iron complex inducing DNA
cleavage and lipid peroxidation with hydrogen
peroxide, under reducing conditions (Wei et al.
2001; Yuan et al. 1995). Hydroxyl radicals were
generated from the mixture of FeIII-EDTA,
ascorbic acid, and H2O2 through the Fenton
reaction. In deoxyribose degradation by FeIII-
EDTA, not only H2O2, but also ascorbic acid was
necessary. However, FeIII-NTA, -EDDA, and
-IDA degraded deoxyribose without reducing
agents, and degradation was inhibited by catalase.
These data suggested that FeIII-NTA, -EDDA,
and -IDA showed proper catalytic characteristics
of H2O2 different from mononuclear iron chelators
such as FeIII-EDTA.

It is possible that nearly all iron chelators with
a small molecular weight are filtered from renal
glomeruli, and are excreted into the tubules, that
is, glomerular filtration rates of these iron chela-
tors may be the same. Distribution of iron chela-
tors in renal tubules might not differ for different
iron chelators due to their similar iron concentra-
tion in sera, and different effects of iron chelators
must be related to different catalytic effects
depending on iron coordination structure. In
this study, we suggest that a dinuclear iron (III)
coordination compound with a l-oxo bridge
is important in renal tubular injury and carcino-
genesis.
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