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1. Introduction

Over the past years, metallo-neurobiology has become ex-
tremely important for establishing the role of transition metals in
neuronal degeneration. In this regard, high iron concentrations
have been consistently observed in the brain of individuals with
Alzheimer’s disease (AD) and Parkinson’s disease (Berg et al., 2001;
Berg and Youdim, 2006). Iron progressively accumulates in the
brain during normal aging, however, iron accumulation in AD

occurs without the concomitant increase in ferritin normally
observed with aging (Bartzokis et al., 2007; Connor et al., 1995;
Quintana et al., 2006; Quintana and Gutierrez, 2010). In addition, a
direct correlation between mutations in iron handling proteins and
neurodegenerative processes has been demonstrated in a number
of genetic neurodegenerative diseases such as ferritinopathy and
Hallervorden–Spatz syndrome (Crompton et al., 2002).

The brain particularly needs iron for multiple physiological
processes. Iron is a cofactor for tyrosine hydroxylase, tryptophan
hydroxylase, xanthine oxidase and ribonucleoside reductase (Berg
et al., 2001; Ke and Qian, 2007). Iron also participates in
myelination, mitochondrial energy generation and DNA replica-
tion/cell cycling (Ortiz et al., 2004; Todorich et al., 2009). To
maintain iron homeostasis, a series of iron-regulatory proteins
exist for tightly control cellular iron uptake, storage, export and
intracellular iron distribution (Ke and Qian, 2007; Kell, 2009).
Whereas intracellular ferric iron is coupled to iron-storage
proteins, free or weakly bound iron can participate in the Fenton
reaction generating hydroxyl radicals. Hydroxyl radicals can
damage membrane lipids, proteins and nucleic acids affecting
neuronal function and causing cell death (Crichton and Charlo-
teaux-Wauters, 1987; Halliwell, 2009). Thus, a tight neuronal iron
balance is essential to meet the needs for several physiologic
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Excessive neuronal iron has been proposed to contribute to the pathology of several neurodegenerative

diseases including Alzheimer’s and Parkinson’s diseases. This work characterized human neuroblastoma

IMR-32 cells exposure to ferric ammonium citrate (FAC) as a model of neuronal iron overload and

neurodegeneration. The consequences of FAC treatment on neuronal oxidative stress and on the

modulation of the oxidant-sensitive transcription factors AP-1 and NF-kB were investigated. Incubation

with FAC (150 mM) resulted in a time (3–72 h)-dependent increase in cellular iron content, and was

associated with cell oxidant increase. FAC caused a time-dependent (3–48 h) increase in nuclear AP-1-

and NF-kB–DNA binding. This was associated with the upstream activation of the mitogen activated

kinases ERK1/2, p38 and JNK and of IkBa phosphorylation and degradation. After 72 h incubation with

FAC, cell viability was 40% lower than in controls. Iron overload caused apoptotic cell death. After 48–

72 h of incubation with FAC, caspase 3 activity was increased, and chromatin condensation and nuclear

fragmentation were observed. In summary, the exposure of IMR-32 cells to FAC is associated with

increased oxidant cell levels, activation of redox-sensitive signals, and apoptosis.
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events, while avoiding the toxicity associated with iron overload
(Ong and Farooqui, 2005; Salvador, 2010).

Neurons have developed several protective mechanisms
against oxidative stress, one of them is the activation of signaling
pathways that regulate the transcription of genes involved in
antioxidant defenses and in repair mechanisms (Ahsan et al., 2009;
Mackenzie et al., 2007; Mackenzie and Oteiza, 2007; Mattson,
2000; Mattson et al., 1998; Su et al., 2008; Uranga et al., 2009). The
final neuronal response to an increase in oxidants will depend on
the character, intensity and persistence of the oxidative insult
(Saito et al., 2005). The characterization of the mechanisms
mediating the adverse effects of iron on neuronal function and fate
is central in understanding the pathophysiology of a number of
neurodegenerative disorders.

This work characterized the sequence of oxidant-related events
in a model of iron overload in neuronal cells. Human neuroblasto-
ma IMR-32 cells were exposed to different concentrations of ferric
ammonium citrate (FAC). FAC leads to a time-dependent iron
accumulation that correlates with an increase in cellular oxidants.
The activation of redox-sensitive signals increases up to 48 h after
FAC exposure, at which point cellular apoptosis occurs. This model
can be used to study the contribution of iron loading to the
pathophysiology of neurodegenerative diseases.

2. Materials

IMR-32 cells were obtained from the American Type Culture
Collection (Rockville, MA, USA). Cell culture media and reagents,
were obtained from Invitrogen Life Technologies (Carlsbad, CA,
USA). Antibodies for Erk (sc-93), p-Erk (sc-7383), JNK (sc-572), p-
JNK (sc-6274) and PARP (sc-7150) were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies for p-IKBa
(9246), and p-p38 (9211) were obtained from Cell Signaling
Technology (Danvers, MA, USA). PVDF membranes were obtained
from BIO-RAD (Hercules, CA, USA) and Chroma Spin-10 columns
were from Clontech (Palo Alto, CA, USA). The ECL Western blotting
system was from GE Healthcare (Piscataway, NJ, USA). The
oligonucleotides containing the consensus sequence for NF-kB,
AP-1 and OCT-1, the reagents for the EMSA, the CellTiter-Glo1

Luminescent Cell Viability Assay, and 5 (or 6)-carboxy-20,70-
dichlorohydrofluorescein diacetate (DCDCDHF) were obtained
from Promega (Madison, WI, USA). FAC and all other reagents
were from the highest quality available and were purchased from
Sigma (St. Louis, MO, USA).

3. Methods

3.1. Cell culture

IMR-32 cells were cultured at 378C, 5% (v/v) CO2 in DMEM high
glucose supplemented with 10% (v/v) fetal bovine serum (FBS) and
antibiotics–antimicotic (50 U/mL penicillin, 50 mg/mL streptomy-
cin and 0.125 mg/mL amphotericin B). IMR-32 cells were cultured
in control medium up to 90% confluence. For the experiments, cells
were incubated in DMEM high glucose with 5% (v/v) FBS for 3–72 h
in the absence and presence of 50–150 mM FAC. The medium was
changed every 2 days.

3.2. Determination of iron content

After 3–72 h of culturing IMR-32 cells in the absence or in the
presence of 150 mM FAC, cells were collected for iron analysis. Cells
(15 � 106) were rinsed twice with warm phosphate-buffered
saline (PBS), scraped, and rinsed twice with PBS containing 1 mM
desferoxamine. After the last centrifugation at 800 � g for 10 min
at room temperature the pellet was frozen at �80 8C, and after

thawing, resuspended in 0.4 mL of ultrapure water. After a brief
sonication, an aliquot was taken for the determination of protein
concentration and the rest of the sample was wet ashed with 16 M
nitric acid (Baker’s Instra-analyzed: J. T. Baker, Philipsburg, NJ,
USA). Total cellular iron content was determined by ICP-AES (Trace
Scan; Thermo Elemental, Franklin, MA, USA). Certified reference
solutions (QC 21, Spec CentriPrep, Metuchen, NJ, USA) were used to
generate the standard curve. A sample of a National Bureau of
Standards Bovine Liver (SRM 1577; U.S. Department of Commerce,
National Bureau of Standards, Washington, DC, USA) was included
with the samples to ensure accuracy and reproducibility.

3.3. Cell viability assay

The effect of FAC on cell viability was determined using the
CellTiter-Glo Luminescent Cell Viability Assay. Briefly, cells (60,000
cells/well) were incubated in the absence or in the presence of 50–
150 mM FAC for different periods of time (0–72 h). Cell viability
was measured following the procedures described by the
manufacturer.

3.4. Determination of cell oxidant levels

Cell oxidant levels were evaluated using the probe DCDHF,
which can cross the cell membrane, and after oxidation, is
converted to 5-(and-6)-carboxy-20,70-dichlorofluorescein
(DCDCDHF), a fluorescent compound. Cells (1 � 105) were grown
in 12 well plates. After the corresponding treatments, the media
was discarded; cells were rinsed with PBS and suspended in
200 mL of DMEM containing 15 mM DCDCDHF. After 1 h of
incubation at 37 8C, the media was removed; cells were rinsed
with PBS, and then incubated in 200 mL PBS containing 0.1% (v/v)
Igepal. After 30 min of incubation with regular shaking, the
fluorescence at 525 nm (lexc: 475 nm) was measured. To evaluate
the DNA content, samples were subsequently incubated with
50 mM propidium iodide for 20 min at room temperature. The
fluorescence (lexc: 538 nm, lem: 590 nm) was subsequently
measured. Results are expressed as the ratio DCF/propidium
iodide fluorescence.

3.5. Electrophoretic mobility shift assay (EMSA)

Nuclear cell fractions were prepared as previously described by
Mackenzie et al. (2002, 2006). For the EMSA, the oligonucleotides
containing the consensus sequence of NF-kB, and AP-1 were end
labeled with [g-32P] ATP using T4 polynucleotide kinase and
purified using Chroma Spin-10 columns. Samples were incubated
with the labeled oligonucleotide (20,000–30,000 cpm) for 20 min
at room temperature in 1� binding buffer [5� binding buffer:
50 mM Tris–HCl buffer, pH 7.5, containing 20% (v/v) glycerol, 5 mM
MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl and 0.25 mg/mL
poly(dI–dC)]. The products were separated by electrophoresis in a
4–6% (w/v) non-denaturing polyacrylamide gel using 0.5�TBE
(Tris/borate 45 mM, EDTA 1 mM) as the running buffer. The gels
were dried and the radioactivity quantitated in a Phosphoimager
840 (Amersham Pharmacia Biotech. Inc., Piscataway, NJ, USA).

3.6. Western blot analysis

For the preparation of total cell extracts, cells (20 � 106 cells)
were rinsed with PBS, scraped and centrifuged. The pellet was
rinsed with PBS, and resuspended in 200 mL of 50 mM HEPES (pH
7.4), 125 mM KCl which contained protease inhibitors and 2% (v/v)
Igepal. The final concentration of the inhibitors was 0.5 mmol/L
PMSF, 1 mg/L leupeptin, 1 mg/L pepstatin, 1.5 mg/L aprotinin,
2 mg/L bestatin and 0.4 mM sodium pervanadate. Samples were
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exposed to one cycle of freezing and thawing, incubated at 4 8C
for 30 min and centrifuged at 15,000 � g for 30 min. The
supernatant was decanted and protein concentration was measured
(Bradford, 1976).

Aliquots of total cell lysates 25–50 mg protein were denatured
with Laemmli buffer and were separated by reducing 10% (w/v)
polyacrylamide gel electrophoresis and electroblotted to PVDF
membranes. Colored molecular weight standards (Amersham,
Piscataway, NJ, USA) were run simultaneously. Membranes were
blotted for 2 h in 5% (w/v) non-fat milk, and subsequently
incubated in the presence of corresponding primary antibodies
(1:1000 dilution) overnight at 4 8C. After incubation for 90 min at
room temperature in the presence of the secondary antibody (HRP-
conjugated) (1:10,000 dilution) the conjugates were visualized by
chemiluminescence detection in a Phosphoimager 840.

3.7. Hoechst staining

Cells (0.3 � 105) were plated onto L-polylysinated coverslips.
After 72 h of incubation in the absence or presence of 150 mM FAC,
the Hoechst reagent (10 mg/mL) was added to the media and
incubated in the dark for 15 min at 37 8C. The media was
subsequently discarded and cells were washed twice with PBS.
Cells were fixed with 4% (w/v) paraformaldehyde in PBS for 15 min
at room temperature, and after washing with PBS, coverslips were
dried at room temperature. Finally, cells were mounted with
Fluorsave and visualized by fluorescence microscopy (Olympus
IMT-2).

3.8. Statistical analysis

One way analysis of variance (ANOVA) with subsequent post hoc
comparisons by Scheffe, were performed using Statview 5.0.1
(Brainpower Inc., Calabazas CA, USA). A p value <0.05 was
considered statistically significant. Values are given as mean� SEM.

4. Results

4.1. FAC causes a time-dependent increase in IMR-32 cell iron content

To characterize the FAC-induced model of neuronal iron
overload, we initially measured the kinetics of cellular iron
accumulation. IMR-32 cells were incubated with 150 mM FAC for
different periods (3–72 h) of time. Total cellular iron content,
determined by ICP-AES, increased in a time-dependent manner.
After 3 and 6 h incubation, cellular iron content was 1-fold and
3-fold higher, respectively, when compared to control (Fig. 1). After

24 h of FAC exposure, total iron content was 22-fold higher than
control values and continued increasing up to 72 h (80-fold higher
than control values) (Fig. 1).

4.2. FAC-induced iron overload affects IMR-32 cell viability

Cell viability was assessed by measuring cellular ATP levels.
IMR-32 cells were incubated in the presence of variable
concentrations of FAC (50–150 mM) for different periods of time
(3–72 h). At 50 mM and 100 mM, FAC did not affect cell viability at
any of the times assayed (3–72 h). Cell viability was only affected
(60% decrease compared to controls) at the highest FAC
concentration (150 mM) and only after 72 h of incubation (Fig. 2).

4.3. FAC-induced iron overload increases oxidant levels in

IMR-32 cells

We next evaluated if FAC-induced iron accumulation could
cause an increase in cell oxidants. For this purpose, IMR-32 cells
were incubated in the presence of variable concentrations of FAC
(50–150 mM) for different periods of time (3–72 h) and cell

[()TD$FIG]

Fig. 1. FAC-induced iron overload in IMR-32 cells: IMR-32 cells were incubated for

different periods of time (3–72 h) in the absence or in the presence of FAC (150 mM).

Iron content was determined by ICP-AES as described under Sections 2 and 3.

Results are shown as mean � SEM of three independent experiments. *Significantly

different compared to the respective control group (p < 0.05, one way ANOVA test).

[()TD$FIG]

Fig. 2. Effect of FAC on IMR-32 cell viability: IMR-32 cells were incubated for different

periods of time (3–72 h) in the absence or in the presence of FAC (50–150 mM). Cell

viability was determined as described in Sections 2 and 3. Results are shown as

mean� SEM of three independent experiments. *Significantly different compared to

values for cells incubated in the absence of FAC (p < 0.05, one way ANOVA test).

[()TD$FIG]

Fig. 3. FAC increases cell oxidant levels in IMR-32 cells: IMR-32 cells were incubated

for different periods of time (3–72 h) in the absence or in the presence of FAC (50–

150 mM). Cell oxidants were measured with the probe DCDHF as described under

Sections 2 and 3. Fluorescence was corrected by the DNA content measured with

propidium iodine (PI). Results are shown as mean � SEM of three independent

experiments. *Significantly different compared to values for cells incubated in the

absence of FAC (p < 0.05, one way ANOVA test).
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oxidant levels were measured with the probe DCDHF. The
fluorescence of the oxidized probe (DCF) was corrected by the
DNA content measured with propidium iodide (PI). In cells
exposed to 50 mM FAC, the increase in cell oxidants iodide was
significant only after 72 h of incubation. At 100 mM FAC, oxidants
were significantly higher after 48 and 72 h of incubation (22% and
38%, respectively). At 150 mM FAC, cell oxidants levels were
already significantly higher after 6 h of incubation, and continued
increasing in a time-dependent manner up to 72 h (Fig. 3). A

significant correlation (r2 = 0.99, p < 0.05) was found between
cellular iron content and cell oxidant levels.

4.4. FAC-induced iron overload activates mitogen activated kinases

(MAPKs) in IMR-32 cells

The MAPKs ERK1/2, p38 and JNK are known to be activated by
several pro-oxidant stressors such as H2O2, Pb2+, and Fe2+ (Aimo
and Oteiza, 2006; Davila and Torres-Aleman, 2008; Kim and Wong,

[()TD$FIG]

Fig. 4. FAC causes MAPK and AP-1 activation: IMR-32 cells were incubated for different periods of time (3–72 h) in the absence or in the presence of FAC (150 mM). Western

blots in total cell fractions for (A) phosphorylated ERK1/2 (p-ERK1/2) and ERK1/2; (B) phosphorylated p38 (p-p38) and p38; and (C) phosphorylated JNK (p-JNK) and JNK. After

quantitation, the ratios phosphorylated/non-phosphorylated protein levels were calculated and results are shown as mean � SEM of three independent experiments. (D) The

activation of transcription factor AP-1 was evaluated by measuring the AP-1–DNA binding activity in nuclear fractions by EMSA. The specificity of the AP-1–DNA bands was

determined by competition with a 100-fold molar excess of unlabeled oligonucleotide containing the consensus sequence for either AP-1 or OCT-1. A representative EMSA image is

shown. After quantitation, results are shown as mean � SEM of three independent experiments. *Significantly different compared to values for cells incubated in the absence of FAC

(p < 0.05, one way ANOVA test).
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2009; Uranga et al., 2009). We next investigated the possible
activation of these MAPKs by iron overload. IMR-32 cells were
incubated in the absence or presence of 150 mM FAC for different
periods of time (3–72 h), and the levels of ERK1/2, p38, and JNK
phosphorylation were evaluated by Western blot. ERK1/2 phos-
phorylation levels increased significantly after 6 h of incubation
with 150 mM FAC, reaching maximum levels (100% increase) after
24 h of incubation. ERK1/2 phosphorylation levels remained high
up to 72 h of incubation (Fig. 4A). In the presence of 100 mM FAC
ERK 1/2 activation showed a similar profile (data not shown).

An increase in p38 phosphorylation was evident after 3 h of
incubation with 150 mM FAC, and remained high up to 48 h of
incubation (Fig. 4B). The increase in JNK phosphorylation was
significant after 3 h of incubation with 150 mM FAC, peaked at 6 h
(72% higher than controls) and returned to basal levels after 48 and
72 h of incubation with FAC (Fig. 4C).

ERK1/2, p38 and JNK are known to be upstream activators of AP-
1 activation. AP-1 activation was assessed by measuring the AP-1–
DNA binding in nuclear cell fractions by EMSA. The specificity of
the AP-1–DNA bands was determined by competition with a 100-
fold molar excess of unlabeled oligonucleotide containing the
consensus sequence for either AP-1 or OCT-1 (Fig. 4D). FAC caused
a time-dependent increase in AP-1–DNA-binding. It was signifi-
cant after 6 h (270%) of incubation, remained elevated until 48 h of
incubation (170%), and reached basal levels at 72 h (Fig. 4D).
Similar results were observed after cell incubation with 100 mM
FAC (data not shown).

4.5. FAC-induced iron overload activates transcription factor

NF-kB in IMR-32 cells

Oxidative stress can also trigger activation of the transcription
factor NF-kB (Dhandapani et al., 2005; Mackenzie et al., 2002;
Meffert et al., 2003). The phosphorylation and degradation of the
inhibitory protein IkB is one of the required steps for NF-kB
activation (Fig. 5A). FAC-induced increase in NF-kB binding
followed a similar pattern to that of AP-1. It peaked after 6 h
(75% higher than t = 0) of incubation with FAC and remained high
up to 24 h of incubation (Fig. 5B). In accordance with the EMSA
results, the increased levels of IkBa phosphorylation, and the
decreased levels of the inhibitor IkB content parallels with the
increased nuclear NF-kB–DNA binding.

4.6. FAC-induced iron overload promotes apoptotic cell death

We next evaluated if, similarly to that observed in neurode-
generation, FAC could induce apoptosis. One of the defining
features of apoptotic cell death is the activation of caspases.
Particularly, caspase 3 activation constitutes an irreversible step in
the apoptotic cascade. Compared to control conditions, caspase 3
activity was increased by 200 and 300% in cells incubated with
150 mM FAC for 48 and 72 h, respectively (Fig. 6A). PARP is a
substrate of caspase 3, which catalyzes its cleavage from a full
length protein (116 kDa) to a 85 kDa fragment. In agreement with
the caspase 3 activity data, PARP cleavage was significantly higher
(43% and 62%), in cells exposed to 150 mM FAC for 48 and 72 h,
respectively (Fig. 6B).

Apoptotic changes upon 150 mM FAC exposure were evalu-
ated by phase-contrast microscopy and nuclear staining with
the DNA dye Hoechst 33258. After 72 h of FAC exposure cell
morphology was overtly affected, displaying evident morpho-
logical alterations including rounded cell body with a decreased
number of cell projections (Fig. 6C). Moreover, nuclear
morphology evaluated by Hoechst staining showed typical
apoptotic changes; chromatin condensation and nuclear frag-
mentation (Fig. 6D).

5. Discussion

Neurons are particularly susceptible to oxidative stress and
they have developed several protective mechanisms that involve a
direct alteration in transcription factors and their upstream

[()TD$FIG]

Fig. 5. FAC causes NF-kB activation in IMR-32 cells: IMR-32 cells were incubated for

different periods of time (3–72 h) in the absence or in the presence of FAC (150 mM).

(A) Western blots in total cell fractions for phosphorylated IkBa (p-IkBa), IkBa andb-

tubulin. One representative Western blot image is shown after quantitation, p-IkBa
(solid bars) and IkBa (stripped bars) levels were referred to the b-tubulin content. (B)

The activation of transcription factor NF-kB was evaluated by measuring NF-kB–DNA

binding in nuclear fractions by EMSA. The specificity of the NF-kB–DNA bands was

determined by competition with a 100-fold molar excess of unlabeled oligonucleotide

containing the consensus sequence for either NF-kB or OCT-1. One representative

EMSA image is shown. After quantitation results are shown as mean� SEM of three

independent experiments. *Significantly different compared to values for cells incubated

in the absence of FAC (p < 0.05, one way ANOVA test).
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kinases for counteracting the deleterious effects of oxidative injury
(Ahsan et al., 2009; Andersen, 2004; Davila and Torres-Aleman,
2008). Upon oxidative stress, neuronal death or survival will
depend on the balance between the activation of pro-oxidant and
anti-oxidant signaling. Thus, knowledge of the cross-talk between
iron-induced neurotoxicity and redox signaling is critical to
understand the molecular mechanisms that operate in neurode-
generative disorders (Barnham and Bush, 2008; Berg and Youdim,
2006). In our model of progressive iron overload we show that iron
accumulation causes an increase in cell oxidants, which trigger the
early activation of redox-sensitive signaling cascades (MAPKs, AP-
1 and NF-kB).

Human neuroblastoma IMR-32 cells incubated in the presence
of FAC accumulate iron, and show an increase in the steady state
levels of cellular oxidants in a time- and concentration-dependent
manner. The association of cell iron accumulation and increased
oxidant production is supported by the strong correlation between
both parameters. Similar FAC concentrations were used in a model
of macular degeneration using retinal pigment epithelium cells
(Voloboueva et al., 2007). In these studies, cell exposure to
increasing FAC concentrations also resulted in a time- and dose
dependent rise in intracellular iron, with concomitant increased
oxidant production and decreased glutathione levels and mito-
chondrial complex IV activity (Voloboueva et al., 2007).The same
extent of iron accumulation in neurons exposed to FAC was
reported by Bishop et al. (2010). In our experiments, we did not
detect a significant increase in oxidant levels up to 24–48 h of iron
exposure despite the progressive increase in iron levels. This late
increase in cellular oxidants support the concept that neuronal
cells have developed tightly regulated protective mechanisms for
buffering the pool size of labile iron. In this regard, the expression
of ferritin and transferrin receptors is regulated by iron regulatory
proteins (IRP1 and IRP2), which in turn are regulated by non-
chelated and redox active iron (Crichton and Charloteaux-Wauters,

1987; Ke and Qian, 2007; Kell, 2009). This tight regulation of iron
homeostasis is altered in AD, mainly due to the elevated iron levels
complexed with ferritin observed in the vicinity of amyloid
plaques and the strong affinity of b amyloid peptide for iron, which
are 8 orders of magnitude stronger than that of transferrin
(Barnham and Bush, 2008; Jiang et al., 2009).

Cell viability was only affected at the highest concentration of
FAC assayed (150 mM) and after 72 h of incubation in spite of the
progressive increase in cellular iron content observed at 24 and
48 h. This high resistance to iron-mediated toxicity induced by FAC
incubation was also observed in primary cultured neurons (Bishop
et al., 2010). This could be due to the up-regulation of redox-
sensitive signaling pathways which promote transcriptional
activation of a set of genes involved in antioxidant protection
and repair mechanisms.

It is well known that the MAPKs ERK1/2, p38 and JNK are
sensitive to conditions that cause oxidative stress including metal
neurotoxicity (Aimo and Oteiza, 2006; Kuperstein and Yavin, 2002,
2003; Uranga et al., 2009). Accordingly, we found that ERK1/2, p38
and JNK are activated by FAC exposure following a similar pattern
of phosphorylation, increasing up to 24 h and subsequently
returning to basal levels. ERK1/2 activation is involved both in
neuronal survival and in cellular death (Fan et al., 2007). Several in

vitro and in vivo studies showed that alterations of JNK pathways
are associated with neuronal death in Parkinson’s and Alzheimer’s
diseases (Borsello and Forloni, 2007). JNK and p38 are also involved
in anti-apoptotic signaling (Brown and Benchimol, 2006; Ikeda
et al., 2008). This dual role of MAPKs opens interesting questions
about their specific role in neurotoxicity processes.

One of the upstream regulated targets of MAPK activation is
transcription factor AP-1 (Mossman et al., 2006). This transcription
factor regulates multiple processes including cell proliferation,
differentiation, survival and apoptosis (Ogunwobi and Beales,
2007). Upon FAC exposure AP-1 activation occurred in the same

[()TD$FIG]

Fig. 6. FAC induces apoptosis in IMR-32 cells: IMR-32 cells were incubated for different periods of time (24–72 h) in the absence or in the presence of FAC (150 mM) (A)

Caspase-3 activity was measured as indicated in Sections 2 and 3. (B) PARP fragmentation was evaluated by Western blot. One representative Western blot image of three

independent experiments is shown. For A and B results are shown as mean � SEM of three independent experiments. Significantly different compared to values from cells

incubated in the absence of FAC (p < 0.05, one way ANOVA test). (C) Phase contrast microscopy of neuroblastoma IMR-32 cells after the incubation of IMR-32 cells for 72 h in the

absence or in the presence of FAC (150 mM). (D) Nuclei staining with Hoechst evaluated by fluorescence microscopy. White spots indicate nuclear fragmentation and chromatin

condensation.
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time frame that ERK1/2, p38 and JNK activation. The protective
function of AP-1 has been related through the regulation of the
expression of heme-oxygenase-1 and Mn-superoxide dismutase
(Mn-SOD), which in turn are important for the development of
oxidant tolerance (Morse et al., 2003; Rui and Kvietys, 2005).

Prior to the appearance of apoptotic evidence, the oxidant
sensitive transcription factor NF-kB was activated by FAC-induced
iron overload. NF-kB was the first eukaryotic transcription factor
described as responsive to the cellular redox state. Specifically in
neurons, NF-kB can be activated by a variety of signals including
oxidants, and the amyloid precursor protein (in its secreted form)
(Mattson et al., 1998; Meffert et al., 2003). The anti-apoptotic action
of NF-kB in neurons has been proposed to be related through the
regulation of the expression of Bcl-2, SOD, cyclin D-1 and Bcl-xl
(Mattson, 2000; Meffert et al., 2003; Ogunwobi and Beales, 2007).
NF-kB activation is also involved in the protection of cerebellar
granular cells against oxidative insults generated by an increase in
free iron levels (Kaltschmidt et al., 2002). This protection against
iron-induced oxidative injury could be due to the increased
transcription of the ferritin H chain and also to the expression of
anti-apoptotic genes (Kwak et al., 1995). In view of the results
presented here, the activation of NF-kB during iron overload could
constitute a mechanism of protection and of increasing the neuronal
capacity to buffer labile iron pools. Moreover, the long-lasting
activation (24–48 h) of AP-1 and NF-kB strongly suggest a key
function for these transcription factors in neuronal iron overload as
that observed in neurodegenerative processes. The concerted action
of NF-kB and AP-1 was involved in the development of oxidant
tolerance in cardiac myocytes (Rui and Kvietys, 2005).

In conclusion, this work shows that the exposure of human
neuroblastoma IMR-32 cells to FAC results in iron accumulation,
increased production of oxidants and the activation of redox-
sensitive signals. This experimental approach of progressive
neuronal iron overload can be a useful model to study the
sequence of oxidant-related events in iron-associated neurode-
generation. However, further studies are needed to confirm these
initial observations in order to ascertain the precise role of MAPK,
AP-1 and NF-kB signaling as neuroprotective or pro-apoptotic
during iron-induced neurotoxicity.
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