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Abstract 
Involvement of iron in the development of neurodegenerative disorders has long been suggested, 

and iron that cannot be stored properly is suggested to induce iron toxicity. To enhance iron 

uptake and suppress iron storage in neurons, we generated transgenic (Tg) mice expressing iron 

regulatory protein 2 (IRP2), a major regulator of iron metabolism, in a neuron-specific manner. 

Although very subtle, IRP2 was expressed in all regions of brain examined. In the Tg mice, 

mitochondrial oxidative insults were observed including generation of 4-hydroxynonenal 

modified proteins, which appeared to be removed by a mitochondrial quality control protein 

Parkin. Inter-crossing of the Tg mice to Parkin knockout mice perturbed the integrity of neurons 

in the substantia nigra and provoked motor symptoms. These results suggest that a subtle, but 

chronic increase in IRP2 induces mitochondrial oxidative insults and accelerates 

neurodegeneration in a mouse model of Parkinson’s disease. Thus, the IRP2 Tg may be a useful 

tool to probe the roles of iron-induced mitochondrial damages in neurodegeraration research. 
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1. Introduction 

Iron is an essential nutrient but can also be toxic because iron can readily cycle between 

ferrous (Fe2+) and ferric (Fe3+) in physiological settings and oxidizes proteins and nucleic acids 

via generation of free radicals. Dysregulation of iron metabolism causes some neurodegenerative 

diseases [21] and iron progressively accumulates in the lesions of sporadic neurodegenerative 

diseases such as Alzheimer’s disease and Parkinson’s disease [17, 18]. Therefore, tight 

regulation of iron metabolism appears to be critical for maintenance of neuronal cells [2, 21].  

Iron homeostasis is mainly regulated by coordinated expression of molecules involved in 

iron uptake and storage. Iron availability is regulated at the post-transcriptional level through the 

interactions between the iron-responsive elements (IREs) on mRNAs encoding proteins involved 

in iron metabolism and mRNA-binding proteins called iron regulatory proteins (IRPs) [14]. 

Binding of IRPs to IREs on the mRNA of the iron uptake protein, transferrin receptor1 (TfR1) 

enhances translation of TfR1, whereas binding of IRPs to the IRE on the mRNA of the iron 

storage protein, ferritin suppresses its production. Iron stored in ferritin is not toxic, because Fe3+ 

stored in ferritin cannot be converted to Fe2+.  Therefore, augmented expression of IRPs leads to 

an increase in iron uptake and a decrease in iron storage, which result in an increase of iron that 

cannot be stored safely and able to oxidize and damage cellar components [10]. There are two 

IRPs (IRP1 and IRP2) and IRP2 is abundant in brain as compared to other organs [9]. 

To examine the effect of iron in the integrity of neurons in mice, we generated transgenic 

(Tg) mice that express IRP2 in neurons [4]. We show increase in IRP2 induces mitochondrial 

oxidative insults and accelerates neurodegeneration. 

   

2. Material and methods 

2.1 Antibodies 

The anti-myc (4A6 and 9E10) were purchased from Millipore and Roche, respectively. The 

following antibodies were obtained as indicated: 4-hydroxynonenal (4-HNE) (JaICA and Alpha 

diagnostic); β-actin, Tom20 (Santa Cruz Biotechnology); PINK1 (Novus); HA (Covance); COX 

III core1 (Invitrogen); and tubulin, Tyrosine hydroxylase (TH) (Cedarlane). Anti-IRP2 has been 

described [1]. 
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2.2 Plasmids and cell culture 

HA- and GFP-human Parkin was subcloned into pDNA3.1 (invitrogen) and pTRE2 (Clontech), 

respectively. p220-IRP2-myc has been described previously [6]. pNSE-IRP2-myc was generated 

by subcloning the human IRP2-myc cDNA into pNSE [4]. pcDNA3.1-HA- or pTRE2-GFP-

Parkin were stably introduced in HEK293 or HeLa cells, respectively using Lipofectamine 2000 

(Invitrogen). Parkin expression was induced by addition of 1 µg/ml doxycycline (DOX) for 48 h 

in HeLa cells that expressed GFP-Parkin in a DOX-dependent manner. IRP2-myc under the 

control of dexamethasone (DEX) (p220-IRP2-myc) was induced by treatment with 80 nM DEX 

for 48 h. 

 

2.3 Immunoblotting, immunoprecipitation and fluorescence microscopy 

These analyses were performed as described previously [19]. Quantifications were performed by 

Fluoview (Olympus) and BZ-II Analyzer (Keyence). 

 

2.4 Assessment of mitochondrial membrane potential 

Cells were treated with 25 nM MitoTracker Orange for 10 min at 37°C.  

 

2.5 Generation of NSE-IRP2 Tg mice 

NSE-IRP2 transgenic mice were generated by microinjection of pNSE-IRP2-myc into E0.5 

mouse embryos from a C57BL/6J × DBA2/J F1 background. Parkin KO mice have been 

described [15]. These mice were backcrossed to C57BL/6J mice (Charles River Japan) more than 

ten times. All the experiments using mice were carried out according to the Guidelines for 

Animal Experimentation, Juntendo, Osaka, and Kyoto University.  

 

2.6 Southern blotting 

Southern blotting was performed as previously described using human IRP2 cDNA as a probe 

[19]. 

 

2.7 RNA electrophoretic mobility shift assay (EMSA) 

EMSA was performed as described previously [6]. 
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2.8 Histochemical and morphological analyses 

Brain sections were stained with the appropriate primary antibodies, followed by development 

using HISTOFINE (Nichirei) and a metal-enhanced diaminobenzidine (DAB) substrate kit 

(Pierce). Toluidine blue staining and electron microscopy were performed as described 

previously [7]. 

 

2.9 Fe2+ staining 

Brains were perfused consecutively with 50 mM hydrogen sulfide and 4% paraformaldehyde, 

embedded in paraffin. Sections were immersed in a solution of 5% K3[Fe(CN)6] and 5% HCl 

followed by immersion in 0.05% DAB and in 1% H2O2 plus 0.05% DAB. 

 

2.10 Measurement of striatal dopamine, 3, 4-dihydroxyphenylacetic acid (DOPAC), and 

homovanillic acid (HVA) 

Dissected striata were analyzed using a reverse-phase C18 column (150 × 4.6 mm; Tosoh) on an 

HPLC system (ESA Biosciences) with a coulometric 8-electrode electrochemical detection 

system.  

 

2.11 Behavioral analyses 

A 40 cm × 40 cm square open field with 10 cm × 10 cm grids was used for the open-field test.  

 

2.12 Administration of desferrioxamine (DFO) 

Saline containing 300 mg/kg DFO was injected intraperitoneally into mice once a day for 10 

consecutive days.  

 

2.13 Statistical analysis 

Statistical significance was determined using a one-way ANOVA. Data are shown by mean ± 

SEM. 

 

3. Results 

3.1 A subtle increase in IRP2 induces oxidative insults in neurons 
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To probe the effect of iron in the integrity of neurons, we generated Tg mice expressing 

IRP2-myc using the rat NSE promoter because induced expression of IRP2 increases TfR1 

expression and decreases ferritin expression, thereby increases the amount of iron that are not 

stored safely (Fig. 1A). Two lines of Tg mice exhibited identical phenotypes and Line 26 was 

analyzed here (Fig. 1B and C). IRP2 is stabilized in iron-depleted condition [14]. IRP2-myc was 

expressed in all areas in the brain examined, including the SN of NSE-IRP2 Tg mice treated with 

an iron-chelator, DFO (Fig. 1D). IRP2-myc expressed in the brain exhibited IRE-binding activity 

(Fig. 1E). The amount of exogenous IRP2 (Fig. 1C, top panel) was very small compared to 

endogenous IRP2 and an increase in total IRP2 levels could not be detectable in NSE-IRP2 Tg 

mice brain using conventional immunoblotting (Fig. 1C, bottom panel), which might be 

attributed to the observation that mice expressing a large amount of IRP2 might not be viable 

[10]. To probe the amount of iron that is potentially harmful to cells, levels of Fe2+, which can 

cycle between Fe2+ and Fe3+, were probed. Increase of Fe2+ was observed in all regions of the 

brain of 12-month-old NSE-IRP2 Tg mice, including the SN (Fig. 1F). The activity of TH, a 

critical enzyme for catecholamine synthesis, is enhanced by iron [12]. The amount of TH in the 

striatum increased in NSE-IRP2 Tg mice (Fig. 1G), confirming an increase in available iron in 

NSE-IRP2 Tg neurons. Modification of proteins by 4-HNE, a major product of lipid 

peroxidation, is one of the most reliable markers of oxidative insults to proteins [20]. Anti-4-

HNE immunoreactivity which represents 4-HNE-modified proteins [20], was increased in all 

areas of the brain examined in 18-month-old NSE-IRP2 Tg mice (Fig. 1H). These data suggest 

that although subtle, chronic expression of exogenous IRP2 can provoke oxidative insults in 

neurons possibly by increasing the amount of iron that are not stored safely. 

 

3.2 Induced expression of IRP2 augments mitochondrial oxidative damage 

Since 4-HNE modification seems to provoke dysfunction of mitochondrial proteins [13], 

subcellular localization of 4-HNE-modified proteins induced by iron was probed using HEK293 

cells that expressed IRP2 in an inducible manner. 4-HNE immunoreactivity detected in IRP2-

expressing cells treated with iron source, ferric ammonium citrate (FAC) was co-localized with 

the mitochondria marker Tom20 (Fig. 2A-C). Mitochondrial membrane potential is an important 

indicator of mitochondrial integrity [11]. A substantial fraction of mitochondria did not stain 

with MitoTracker, which is known to accumulate to mitochondria with intact membrane 
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potential, in IRP2-expressing cells treated with iron (Fig. 2D). These results indicate that 

enhanced IRP2 expression decreases its membrane potential. 

Decrease in mitochondrial membrane potential triggers stabilization of PINK1 kinase in 

mitochondria and subsequent recruitment of the Parkin ubiquitin ligase to mitochondria, which is 

suggested to be crucial for the maintenance of mitochondrial integrity [8, 11]. PINK1 was 

stabilized in and Parkin was recruited to mitochondria in FAC-treated cells expressing 

exogenous IRP2 (Fig. 2E). We then examined the involvement of Parkin in the removal of 

mitochondrial 4-HNE-modifed proteins using HeLa cells that lack Parkin expression [8]. 

Although 4-HNE-immunoreactivity was not detected in HeLa cells treated with FAC alone, 

exogenous IRP2 induced 4-HNE signals that co-localized with Tom20 in FAC-treated HeLa 

cells. The mitochondrial 4-HNE signal induced by exogenous IRP2 and iron was eliminated by 

introduction of Parkin (Fig. 2F and G). These results suggest that Parkin is involved in the 

clearance of oxidatively modified proteins generated by IRP2 and iron in mitochondria.  

 

3.3 Increased mitochondrial oxidative insults and neurodegeneration in the SN of NSE-IRP2 Tg 

× Parkin KO mice 

Although 4-HNE modification could not be detected without adding exogenous iron in 

cultured cells (Fig. 2A), 4-HNE modification could be observed in mouse neurons with enhanced 

expression of IRP2 alone (Fig. 1H). Iron is essential nutrient for cell proliferation, whereas, 

neurons are regarded as quiescent cells [5]. Then the effect of IRP2 expression on mitochondrial 

oxidative damages in neurons was probed in 6-month-old mice. As shown in Fig. 3A and B, no 

overt 4-HNE immunoreactivity could be detected in the SN of NSE-IRP2 Tg mice. However, the 

4-HNE immunoreactivity, which was co-localized with a mitochondrial protein, COX III, was 

prominently detected in the SN neurons of NSE-IRP2 Tg × Parkin KO mice [15]. These results 

suggested that IRP2 expression provokes mitochondrial oxidative insults and Parkin is involved 

in the removal of the mitochondrial insults in the SN. Consistent with these results, degenerated 

neurons, which stain intensely with toluidine blue, were observed in the SN of 6-month-old 

NSE-IRP2 Tg × Parkin KO mice (Fig. 3C). Electron microscopic analyses revealed the presence 

of neurons with condensed nuclei and round swollen mitochondria in the SN of 6-month-old 

NSE-IRP2 Tg × Parkin KO mice (Fig. 3D). These results indicate that the subtle increase of 
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IRP2 perturbs the integrity of the neurons by increasing mitochondrial oxidative insults and that 

Parkin is involved in the clearance of iron-induced oxidized mitochondrial proteins.    

 

3.4 Decrease in dopaminergic neurons in the SN and locomotor dysfunctions in NSE-IRP2 Tg × 

Parkin KO mice 

Selective loss of dopaminergic neurons in the SN is involved in the pathogenesis of 

Parkinson’s disease and Parkin is a familial Parkinson's disease-related protein [3]. Consistent 

with neuronal degeneration in the SN (Fig. 3), the number of TH-positive cells was significantly 

lower in the SN of 5-month-old NSE-IRP2 Tg × Parkin KO mice (Fig. 4A and B). The amounts 

of dopamine and its metabolites were significantly lower in the striatum of 5-month-old NSE-

IRP2 Tg × Parkin KO mice (Fig. 4C–E). Motor conditions are major symptoms of Parkinson’s 

disease [3]. Consistent with loss of dopaminergic neurons in the SN, both horizontal activity and 

rearing scores in open-field tests were significantly lower in 5-month-old NSE-IRP2 Tg × Parkin 

KO mice (Fig. 4F and G). Collectively, these results clearly indicate that the subtle increase in 

exogenously expressed IRP2 and loss of Parkin synergistically accelerates the loss of 

dopaminergic neurons in the SN and provokes motor symptoms. 

 

4. Discussion  

  Since induced expression of IRP2 increases the amount of iron that cannot be stored 

safely, we dissected the role of iron in neuronal damages using neuron-specific IRP2 Tg mice. 

Only subtle increase of IRP2 was enough for mitochondrial 4-HNE modification in mouse 

neurons (Fig. 1H) although IRP2 expression alone could not provoke mitochondrial 4-HNE 

modifications in transformed cells (Fig. 2A and F). Expression of IRP2 is subtle in neurons in 

NSE-IRP2 Tg mice, but it is continuous throughout their lifetime. Moreover, 4-HNE signals 

could be detected in 18-month-old, but not in 6-month-old in NSE-IRP2 Tg mice (Fig. 1H and 

3A), which suggests that duration of IRP2 expression in quiescent neuronal cells may be a 

critical factor for iron-induced mitochondrial 4-HNE modifications. Since cultured cells 

proliferated rapidly, we evaluated the effect of iron on 4-HNE modifications within two days. 

Thus, we suspect that despite very trace, transgenic expression of IRP2 can induce the subtle, but 

chronic increase of iron that cannot be stored safely and result in mitochondrial oxidative insults 

and the deterioration of neurodegeneration in quiescent neurons.  
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Loss of Parkin enhanced accumulation of mitochondrial 4-HNE-modified proteins and 

degeneration of neurons of the SN in NSE-IRP2 Tg mice. Impaired clearance of oxidized 

mitochondrial proteins in the SN neurons appeared involved in Parkinson’s disease-like 

phenotypes in NSE-IRP2 Tg × Parkin KO mice (Fig. 4). Additionally, Parkin is involved in the 

clearance of oxidatively modified proteins in mitochondria (Fig. 2F). However, mechanism 

underlying Parkin-mediated removal of mitochondrial 4-HNE modification is currently unknown 

because in iron-treated IRP2-expressing cultured cells, we could not detect mitophagy in that 

Parkin is shown to be involved [8, 11] (unpublished observation). Thus, the mitochondrial 

quality control, in which Parkin is involved, but possibly in a different mechanism from 

mitophagy, may play critical roles protecting dopaminergic neurons from iron-induced 

mitochondrial oxidative damages. Mitochondrial damages are suggested to function as triggering 

and accelerating factors in Parkinson’s disease and accumulation of iron in the lesions of the 

disease is known [2]. Iron-induced mitochondrial oxidative damages might be involved in the 

development of Parkinson’s disease. 

Our results show that subtle increase of IRP2 is sufficient to induce mitochondrial 

oxidative insults. Thus, NSE-IRP2 Tg mice may be useful to probe the roles iron-induced 

mitochondrial oxidative insults in neurodegenerative disorders.  

 

5. Conclusions  

Expression of even trace amounts of IRP2 increased mitochondrial oxidative changes in 

neurons. The increase in IRP2 accelerates the loss of dopaminergic neurons in the SN and 

provokes motor symptoms of Parkin KO mice. NSE-IRP2 Tg mice may be suitable to probe the 

role of iron-induced mitochondrial oxidative damages in neurodegenerative disorders. 
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Figure legends 

Fig. 1. Generation of NSE-IRP2 Tg mice. (A) Schematic of the NSE-IRP2 transgene. (B) 

Genomic DNA was analyzed by Southern blotting. (C) Brain lysates from mice that were 

administered DFO were used for immunoprecipitation with anti-myc and probed with anti-IRP2. 

(D) Sections from 12-month-old mice were immunostained with anti-myc. Bar, 50 µm. (E) 

Lysates, as in (C) and lysates of RD4 cells expressing IRP2-myc were incubated with 32P-labeled 

IRE and anti-myc, and the mixture was then separated by PAGE and analyzed by 

autoradiography. (F) Sections from12-month-old mice were stained using Turnbull’s blue and 

DAB to detect ferrous iron. Bar, 50 µm. (G) Lysates from the striatum of 12-week-old mice were 

probed with anti-TH. (H) Sections from 18-month-old mice were immunostained with anti-4-

HNE. Arrows indicates 4-HNE-modificated proteins. Bar, 200 µm. 

Fig. 2. Induced expression of IRP2 augments iron-mediated mitochondrial damage. (A-D) 

HEK293 cells in which IRP2 expression was induced, or un-induced cells, were treated with the 

100 µg/ml FAC for 12 h. Cells were analyzed by immunostaining as indicated (A), and line scan 

plot in FAC-treated cells expressing IRP2 and the percentage of 4-HNE-positive mitochondria 

were shown in (B) and (C), respectively (n=10). Cells were analyzed by MitoTracker staining 

(D). (E) Parkin-overexpressing HEK293 cells in which IRP2 expression was induced or un-

induced, were incubated in the presence or absence of 100 µg/ml FAC for 9 h. Lysates were 

probed by immunoblotting. (F and G) HeLa cells expressing IRP2 and/or Parkin were treated 

with 50 µg/ml FAC. Cells were analyzed by immunofluorescence staining (F) and the percentage 

of 4-HNE-positive mitochondria was shown (G) (n=10). Bars, 10 µm. **, P < 0.01. 

 

Fig. 3. IRP2 increased mitochondrial oxidative insults and neurodegeneration in the SN. (A and 

B) Sections of the SN from 6-month-old mice were immunostained with as indicated antibodies. 

The percentage of 4-HNE-positive mitochondria was shown (B) (n=10). Bar, 50 µm. **, P < 

0.01. (C) Semi-thin sections of the SN from 6-month-old mice of were stained with toluidine 

blue. In the double-mutant mice, dying neurons that show shrinkage are intensely stained with 

toluidine blue (arrows). Bar, 20 µm. (D) Electron micrographic analysis of neurons in the SN 

from 6-month-old mice. In the double-mutant mouse, a dying neuron with increased electron 
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density is shrunken and contains round swollen mitochondria with an electron-lucent matrix and 

a nucleus with a large peculiarly shaped nucleolus. Bar, 5 µm (left) and 1 µm (right).  

 

Fig. 4. IRP2 accelerates the progression of Parkin-induced symptoms. (A and B) Sections of the 

SN from 5-month-old mice were immunostained with anti-TH (A) and the number of TH-

positive cells was quantified (B) (n=10). Bar, 1 mm. (C–E) Concentrations of dopamine (C) 

DOPAC (D), and HVA (E) in the striata of 5-month-old mice were measured (n=15). (F and G) 

The horizontal activity (F) and rearing activity (G) of 5-month-old mice were measured using the 

open-field test scored over a 5 min period (n=15). *, P < 0.05. 
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