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Mitochondrial ferritin (FtMt) is a novel iron storage protein with high homology to H-ferritin.
Unlike the ubiquitously expressed H- and L-ferritin, FtMt is expressed in specific tissues
such as the testis, heart, and brain. The function of FtMt is not fully understood; however,
evidence suggests that it has a neuroprotective role in neurodegenerative diseases. We
have previously reported that FtMt is expressed in catecholaminergic neurons of the monkey
brainstem. To explore FtMt expression in human dopaminergic neurons, we designed a
novel monoclonal antibody, C65-2, directed against human FtMt. Here, we report the
properties of our C65-2 antibody. Western blots analysis and immunoabsorption tests
demonstrated that the C65-2 antibody specifically recognized FtMt with no cross-reactivity to
H-ferritin. Immunohistochemistry showed that the C65-2 antibody detected FtMt in neurons
of the substantia nigra pars compacta (SNc) in humans and monkeys. We confirmed that
FtMt is expressed in dopaminergic neurons of the human SNc. Our results suggest that FtMt
is involved in various physiological and pathological mechanisms in human dopaminergic
neurons, and the C65-2 monoclonal antibody promises to be a useful tool for determining
the localization and biological functions of FtMt in the brain.
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homology with H-chain ferritin (FTH). Both show ferroxi-

Mitochondrial ferritin (FtMt) is a recently-discovered
ferritin encoded by an intronless gene on chromosome
5q23.1 [14]. FtMt is formed via a 242-amino acid precursor
protein with a predicted molecular weight of 30 kDa. It is
cleaved in the mitochondrial matrix to produce a mature
protein approximately 22 kDa in size [15]. FtMt has 79%
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dase activity and similar iron storage properties, but differ-
ent properties have also been reported. FTH is localized in
the cytoplasm, whereas FtMt is predominantly located in
mitochondria. The FTH gene has iron-regulatory elements
(IREs) and its expression is increased by iron [7, 9]. How-
ever, FtMt lacks IREs, and its expression is enhanced not
by iron but by oxidative stress and inflammatory cytokines
[14, 19]. FTH is ubiquitously expressed and at high levels
in the liver and spleen, which contain high levels of iron.
FtMt expression is not detected in the liver and spleen, but
in other specific tissues such as the testis, heart, and brain
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[4]. This suggests that FtMt has functions that are not
limited to H-ferritin-like roles; rather, it also has other
functions in specific organs or under certain conditions.

In the brain, FtMt is expressed in neurons [16, 19] and
is involved in neurological disorders such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and restless legs
syndrome (RLS) [16, 18, 19, 22]. Previous in vitro studies
have reported that low FtMt expression is increased in
neuroblastoma cells by oxidative stress [19, 21]. In addi-
tion, over-expression of FtMt has been found to protect
neurons against oxidative stress [17, 19, 21, 23].

We previously generated a polyclonal anti-FtMt anti-
body and reported the distribution of FtMt in the monkey
brainstem. FtMt expression was particularly observed in
catecholaminergic neurons [24]. These results suggest that
FtMt acts as a neuroprotective protein to maintain normal
neuronal function. However, the functions of FtMt in the
brain and its pathological significance in neurological dis-
orders are still unclear. To address this, it is important to
clarify the distribution pattern of FtMt in the human brain.

In the present study, we designed a monoclonal anti-
body (C65-2) against human FtMt. We demonstrated that
C65-2 specifically recognized FtMt protein with no reactiv-
ity to FTH. This monoclonal antibody can be used for
western blotting, immunohistochemistry and immuno-
fluorescence analysis. Furthermore, its specificity makes it
suitable for investigating the function of FtMt in human
and monkey tissues. Using double immunostaining with the
C65-2 antibody and a polyclonal antibody against tyrosine
hydroxylase (TH), we confirmed the expression of FtMt in
dopaminergic neurons in the substantia nigra pars compacta
(SNc) of the human brain.

II. Materials and Methods

Monkey brain

The current study protocols for animal use were
assessed and approved by the Institutional Animal Care and
Use Committee of Shiga University of Medical Science.
For western blot analysis, the brainstem sample was
obtained from a euthanized female cynomolgus monkey
(age: 3 years and 10 months; weight: 2.67 kg). For
immunohistochemistry, brains were obtained from two
female cynomolgus monkeys (age: 5-11 years; weight:
3.38-4.68 kg). All efforts were made to minimize animal
suffering and the number of animals used.

Human brain

We used postmortem human midbrain tissue from two
individuals without neurological disorders (one 64-year-old
male and one 72-year-old female). All procedures in this
study were approved by the Ethical Committee of Shiga
University of Medical Science (approval no. 28-26). We
used human brain tissues in the brain bank of Shiga Univer-
sity of Medical Science. The postmortem human midbrains
were fixed with formalin and then placed in 0.1 M phos-

phate buffer (pH 7.4) containing 15% sucrose and 0.1%
sodium azide. The sucrose solution was changed repeatedly
to remove all traces of formalin and to cryoprotect the
tissue.

Tissue preparation

Tissue was prepared as previously described [1, 3].
Brain stem samples were removed from two cynomolgus
monkeys after previous research use [1] and from human
brains, as mentioned above. Brains were collected at differ-
ent times and handled individually. Brains were fixed
immediately with 4% formaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 3 days at 4°C. Next, the samples were
immersed in 15% sucrose in 0.1 M PB with 0.1% sodium
azide. The sucrose solution was changed daily for 4 days,
after which the brains were stored in 15% sucrose solution
at 4°C until processing. Samples were sectioned in a cryo-
stat (Yamato, Japan) into 20-um serial coronal sections that
were floated in PBST (0.1 M phosphate buffered saline
containing 0.3% Triton X-100, pH 7.4) and stored in PBST
with sodium azide at 4°C.

Synthetic peptide design and generation of monoclonal
antibodies

Antibodies against human FtMt were produced by
Medical and Biological Laboratory Co. Ltd. (Ina, Nagano,
Japan). Since FtMt has a high homology to H-ferritin, we
selected TLGNENKQN in the C-terminal region as the
immunizing peptide because this is specific to human FtMt
(amino acid number 234-242, GenBank accession number
BC034419). To conjugate the peptide to a carrier protein,
cysteine (C) was added to the N-terminal end of the pep-
tide, generating a 10-mer peptide (NH2-CTLGNENKQN-
COOH). This was chemically linked to the carrier protein
keyhole limpet hemocyanin (KLH). The KLH-conjugated
FtMt peptide was injected into two C57BL6 mice. Lymph
nodes were taken from the mice and processed for B cell
hybridoma fusions. Hybridoma cloning was performed
using ELISA methods to detect positive signals for the
FtMt peptide. Several clones were obtained and one hybrid-
oma, C65-2, was selected that displayed the highest titer for
C65-2. Hybridoma cells were inoculated into the abdominal
lumen of SCID mice and ascitic fluid was obtained. The
monoclonal antibody was purified by ammonium sulfate
precipitation and affinity chromatography using a protein
A column. The purified antibody was stored in 10 mM
phosphate buffered saline (PBS), pH 7.4, containing 0.1%
sodium azide and 50% glycerin. Antibody specificity was
assessed by western blot and immunoabsorption analysis as
described below.

Western blot analysis

Western blot analysis was performed to confirm the
specificity of the FtMt antibody. Brainstem tissue was
homogenized in a glass homogenizer with RIPA buffer as
described previously [2, 24] with slight modifications.
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Protein concentrations were assayed using a protein dye
assay reagent (Bio-Rad Laboratories, Hercules, CA, USA).
Approximately 5 pg of crude protein, prestained precision
protein standards (Bio-Rad Laboratories), and Protein Lad-
der One Triple-color (NacalaiTesque, Kyoto, Japan) were
electrophoresed on 15% or 5-20% SDS-polyacrylamide
gels (Wako Pure Chemical Industries, Osaka, Japan) under
reducing conditions and then transferred to polyvinylidene-
difluoride membranes (Immobilon-P, Merck Millipore,
Billerica, MA, USA). Membranes were incubated for 1 hr
at room temperature (RT) with 20% Blocking Reagent-
N102 (NOF Corp., Tokyo, Japan) in 25 mM tris-buffered
saline containing 0.1% Tween-20 (TBST), at pH 7.4. After
blocking, membranes were labeled for 8 hr with the mono-
clonal FtMt antibody (0.5 pg/mL) at 4°C. After three 10-min
washes with TBST, the membranes were incubated for 1 hr
in a peroxidase-labeled anti-mouse IgM (1:50,000; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) at
RT. Peroxidase labeling was detected by chemilumines-
cence using the Super Signal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific, Waltham, MA, USA).

To determine specificity of the staining, we performed
an immunoabsorption test. The C65-2 antibody was pre-
incubated with the immunizing FtMt peptide (1.0 pg/mL)
for 24 hr at 4°C, and the membranes were incubated as
described above.

Immunohistochemistry

Immunohistochemical staining for FtMt was per-
formed as previously described [1, 24]. In brief, sections
were kept at 4°C for at least 3 days in PBST before stain-
ing. Sections were incubated for 40 min in PBST contain-
ing 0.3% H,0, and 0.1% sodium azide at RT. After three
10-min washes in PBST, sections were incubated for 1 hr
with PBST containing 2% BSA. Next, the sections were
incubated for 3 days with purified FtMt antibody (0.5
pg/mL) at 4°C. After washing, the sections were incubated
for 1 hr in biotinylated anti-rabbit IgM (diluted 1:2,000;
Vector Laboratories, Burlingame, CA, USA) at RT. Sec-
tions were finally incubated for 1 hr with an avidin—biotin—
peroxidase complex (1:3,000 dilution; ABC Elite; Vector
Laboratories) at RT, and peroxidase-labeled sections were
developed in 0.02% 3,3-diamine-benzidine tetrahydrochlo-
ride with 0.3% nickel ammonium sulfate in 50 mM Tris—
HCl (pH 7.6), with 0.005% hydrogen peroxide. PBST
washes were performed between all steps.

Absorption test

For the immunoabsorption test, the purified antibody
was pre-incubated with FtMt peptide at different concentra-
tions (20 pg/ml, 5 pg/ml, 1.25 pg/ml, 0.3 pg/ml, and 0.075
pg/mL) for 1 hr at 4°C. Then the sections were stained as
described above. No staining was observed following
pre-incubation of the antibody with the immunizing FtMt
peptide.

Immunofluorescence staining

The co-localization of FtMt with TH-positive neurons
in human midbrain sections was examined by double label-
ing with mouse monoclonal antibody against FtMt (C65-2)
and rabbit polyclonal antibody against TH (Bioscensis Inc.
Thebarton, Australia), followed by fluorescently labeled
secondary antibodies. Some sections were incubated at
4°C overnight with a mixture of C65-2 and TH antibody
(1:5,000). After washing, sections were incubated at RT for
2 hr in a mixture of Alexa Fluor 488-labeled chicken anti-
rabbit IgG and Alexa Fluor 647-labeled donkey anti-mouse
IgG secondary antibodies (1:500 dilutions; Molecular
Probes Inc., Eugene, OR, USA). Sections were then
washed three times for 10 min in PBS and mounted onto
coated glass slides. Fluorescence was detected using a
scanning laser confocal microscope (TE2000-E, Nikon,
Tokyo, Japan).

Micrographs

Digital images were obtained with a Nikon-D90
digital camera (Tokyo, Japan) adapted to an Olympus
Microscope BX50 (Tokyo, Japan). Brightness and con-
trast were adjusted using Adobe Photoshop and no further
image manipulation was performed.

III. Results

Characterization of the monoclonal FtMt antibody

The FtMt antibody, C65-2, was tested by western blot
analysis and immunoabsorption. The total crude protein
and isolated mitochondria and cytosolic fractions were
extracted from monkey brainstem (Fig. 1). The C65-2 anti-
body detected a single band of approximately 22 kDa, cor-
responding to the molecular weight of FtMt in total crude
protein (arrow in Fig. 1, lane 1). No bands were observed
when the antibody was pre-absorbed with the FtMt peptide
(Fig. 1, lane 2) or no primary antibody was used (Fig. 1,
lane 3). The antibody detected FtMt in mitochondria frac-
tions (Fig. 1, lane 4), but not in cytosolic fractions (Fig. 1,
lane 5).

FtMt has a high homology with FTH; therefore, we
confirmed that this monoclonal anti-FtMt antibody did not
cross-react with FTH by western blot analysis (Fig. 2).
FtMt and FTH-GFP fusion proteins were over-expressed in
HEK?293 cells and cell lysates were probed with anti-FtMt
antibody (C65-2) and anti-GFP antibodies. C65-2 recog-
nized the FtMt protein at a molecular weight of 22 kDa
(Fig. 2, lane 1), but did not cross-react with FTH (Fig. 2,
lane 2). The anti-GFP antibody did not recognize FtMt
(Fig. 2, lane 3), but detected the FTH-GFP fusion protein
(FTH, 21 kDa; GFP, 27 kDa) as a band with a molecular
weight of 48 kDa (Fig. 2, lane 4).

Localization of FtMt-immunoreactivity in the substantia
nigra
In tissues, the C65-2 antibody stained some neuronal
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Fig. 1. Western blot analysis in the monkey brainstem. Western blot
analysis of total crude protein (Total), isolated mitochondria fraction
(Mito), and cytosolic fraction (Cyto) extracted from a monkey brain-
stem. Adjacent lanes were loaded with equivalent amounts of protein.
The FtMt monoclonal antibody (C65-2+) recognized a single band at
approximately 22 kDa (lane 1). No bands were observed when the anti-
body was pre-absorbed with FtMt peptide (Pre-ab, lane 2) or absent
(C65-2—, lane 3). The antibody detected FtMt in the mitochondrial frac-
tion (lane 4), but not in the cytosolic fraction of the monkey brainstem
(lane 5).

cell bodies in the SNc of cynomolgus monkey (Fig. 3) and
human (Fig. 4) midbrains. Seen by high magnification,
FtMt-immunoreactivity was localized to granule-like struc-
tures in neurons in both the monkey and human tissues
(Fig. 3B and Fig. 4B). The staining intensity of FtMt-
immunoreactivity was much decreased with the use of the
antibody pre-incubated with 0.4 pg/ml of the FtMt peptide
(Fig. 3C), and was abolished when the antibody was pre-
absorbed with 1 pg/ml of the peptide (Fig. 3D).

In the human midbrain, neurons in the SNc¢ were
strongly stained with C65-2 (Fig. 4A). The positive neurons
were distributed from the SNc to the ventral tegmental area
(Fig. 4A). At high magnification, FtMt-positive granules
were seen in neuronal cell bodies containing neuromelanin
(arrows in Fig. 4B and 4C). FtMt-positive granules were
also observed in some neurons without neuromelanin
(arrowhead in Fig. 4B). A few neurons containing neuro-
melanin do not contain FtMt-positive granules (arrowhead
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Fig. 2. Western blot analysis in HEK293 cells lysates. HEK293 cells
were transfected with plasmids expressing FtMt (T-FtMt) or FTH-GFP
(T-FTH-GFP). The transfectants extracted from HEK293 cells were
probed with FtMt monoclonal antibody (C65-2) and GFP antibody
(GFP). C65-2 recognized the FtMt protein around 22 kDa (lane 1), but
did not detect FTH (lane 2). The GFP antibody did not detect FtMt
(lane 3), but detected the FTH-GFP fusion protein (GFP, 27 kDa, FTH,
21 kDa) at about 48 kDa (lane 4). This shows that the FtMt monoclonal
antibody does not cross-react with FTH.

in Fig. 4C). The FtMt-positive granules were abolished
with the use of C65-2 pre-absorbed with the peptide (Fig.
4D).

Localization of FtMt in catecholaminergic neurons in the
human SNc

To investigate the expression of FtMt in catechol-
aminergic neurons of the human SNc, double immuno-
fluorescence staining was performed. We labeled human
brainstem samples with C65-2 (Fig. 5A) and anti-TH (Fig.
5B) antibodies. Our results showed considerable co-
localization of FtMt and TH in neurons of the human SNc
(Fig. 5C). A few neurons showed TH-positive and FtMt-
negative (arrows in Fig. 5B and C). Co-localization oc-
curred mainly in the neuronal cell bodies, consistent with
our previous immunohistochemical observations using
DAB (Fig. 4). A high percentage of neurons were doubly
stained when compared with the total number of TH-
positive neurons in the SNc (88.16%).
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Fig. 3. FtMt immunohistochemistry and pre-absorption test in monkey tissues. A: Immunostaining of FtMt in the substantia nigra pars compacta of the
monkey, using the C65-2 monoclonal anti-FtMt antibody. B: A high magnification of the boxed area B in Fig. 3A. FtMt-positive granules are seen in
neuronal cell bodies. C and D: Immunoabsorption tests. The staining intensity of FtMt-immunoreactivity was much decreased with the use of the anti-
body pre-incubated with 0.4 pg/ml of the FtMt peptide (C). No positive staining was detected when the antibody was pre-absorbed with 1 pg/ml of the
peptide (D). Bars = 50 pm.

Fig. 4. FtMt-immunohistochemistry in the substantia nigra (SNc) and ventral tegmental area (VTA) of postmortem human brain. A: FtMt-positive neu-
rons distributed in the SNc and VTA. A: FtMt-positive neurons are distributed in the SNC and VTA. B: A high magnification of the boxed area A in
Fig. 4A. FtMt-positive granules are seen in both neuromelanin-positive (arrows) and -negative (arrowhead) neuronal cell bodies. C: A high magnifica-
tion of the boxed area B in Fig. 4A. FtMt-positive granules are seen in neurons containing neuromelanin (arrow). A few neuromelanin-positive neurons
do not contain FtMt-immunoreactivity (arrowhead). D: FtMt-immunostaining was abolished using G2-A pre-absorbed with 5 pg/ml of the FtMt pep-
tide. Bars =250 pm (A), 50 um (B-D).
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Fig. 5. Double immunofluorescent staining for mitochondrial ferritin (A; FtMt, green) and tyrosine hydroxylase (B; TH, red) as well as the merged
image (C). White arrows indicate TH-positive and FtMt-negative neurons. Bar = 50 pm.

IV. Discussion

Specificity of the FtMt antibody

In the current study, we produced a monoclonal anti-
body against an amino acid sequence specific to human
FtMt. Antibody specificity was confirmed by western blot
analysis and immunoabsorption. When we examined FtMt
expression in the monkey brainstem by western blotting,
C65-2 detected a single band with an approximate molecu-
lar weight of 22 kDa. This band was not observed when the
FtMt antibody was omitted or pre-absorbed with antigenic
peptide (CTLGNENKQN). In addition, western blot analy-
sis confirmed that C65-2 did not cross-react with FTH,
which shares 79% coding homology with FtMt in HEK293
cells. Immunohistochemistry using the antibody revealed
FtMt-positive neurons in the SNc¢ of monkey and human
brainstems. This staining was abolished by pre-absorption
with the FtMt peptide dose-dependently. These results indi-
cate that C65-2 specifically recognizes FtMt, as seen by
western blotting and immunohistochemistry.

FtMt in the catecholaminergic neurons of monkey and
human SNc

We observed FtMt-positive neurons in the SNc of
monkey and human midbrains. Double immunofluorescent
staining for FtMt and TH indicated that 88.16% of TH-
positive cells also expressed FtMt in the SNc of the human
brainstem. This is consistent with our previous findings
(69.18%) in the SNc of Macaca fascicularis [24]. Although
the exact reasons for the difference remain unknown, they
may be due to differences of iron metabolism involving
neuromelanin.

Iron is an important transition metal that is stored in
large amounts in the brain and tends to accumulate with
aging [4, 26]. Previous studies have shown that iron is
richly distributed in the substantia nigra of the normal adult
human brain [13, 27], and that iron concentrations increase
with age [25]. In the present study, monkey brainstem sam-
ples were obtained from young monkeys and the human

midbrain samples were obtained from elderly individuals
(62 and 72 years). Brown-colored neurons were observed
in unstained human sections, indicating neuromelanin. Iron
is involved in the synthesis of neuromelanin, which is
found in the catecholaminergic neurons of the SNc¢ and
accumulates with age [25, 27]. In addition, considerable
evidence suggests that excess iron increases the formation
of toxic reactive oxygen species (ROS) [6, 20].

FtMt immunoreactivity was mainly observed in pig-
mented neurons of the SNc in the human midbrain. Previ-
ous studies have shown that the pigmented neurons contain
neuromelanin and are more prone to degeneration and more
sensitive to ROS than non-pigmented neurons in the SNc
[10, 12]. These neurons may be preferentially targeted in
PD [8, 11]. We previously demonstrated that mRNA and
protein expression of FtMt are increased in vitro by patho-
logical conditions such as accumulation of amyloid beta
and ROS [5]. Interestingly, FtMt in midbrain dopaminergic
neurons may be influenced by neurological disorders such
as PD [17] and RLS [18]. This might explain the greater
number of FtMt- and TH-double positive neurons in the
SNc of the human brains compared with monkeys.

Our novel FtMt monoclonal antibody, C65-2, is suita-
ble for the analysis of human tissue and may be useful for
clarifying the functions of FtMt in dopaminergic neurons in
physiological and pathological conditions.

In conclusion, we designed a novel human FtMt-
specific monoclonal antibody and characterized it. The
antibody did not cross react with FTH in the brain. We fur-
ther explored the expression of FtMt in TH-positive dopa-
minergic neurons in the SNc of the human midbrain, and
found that FtMt may be involved in aging in the human
SNc. This study shows that our novel FtMt monoclonal
antibody, C65-2, is suitable for the analysis of FtMt expres-
sion in the human brain.

V. Competing Interest Statement

All authors have no conflicts of interest to disclose.



Monoclonal Antibody against FtMt 55

VI. Acknowledgments

We thank all members of the laboratory who helped
with this work and provided suggestions for brain mapping.
Dr. Mingchun Yang thanks the Otsuka Toshimi Scholarship
foundation which provided a scholarship. The authors
would like to thank Mr. T. Yamamoto of the Central
Research Laboratory, Shiga University of Medical Science,
for his excellent technical assistance with confocal
microscopy.

This study was supported by Grant-in-Aids for Scien-
tific Research (B) (Grant Number 26290022, 1.T.) from the
Japan Society for the Promotion of Science (JSPS).

VII.

1. Abdelalim, E. M. and Tooyama, I. (2011) Mapping of NPR-B
immunoreactivity in the brainstem of Macaca fascicularis. Brain
Struct. Funct. 216; 387-402.

2. Bellier, J. P. and Kimura, H. (2007) Acetylcholine synthesis by
choline acetyltransferase of a peripheral type as demonstrated in
adult rat dorsal root ganglion. J. Neurochem. 101; 1607-1618.

3. Bisem, N. J., Takeuchi, S., Imamura, T., Abdelalim, E. M. and
Tooyama, 1. (2012) Mapping of FGF1 in the medulla oblongata
of Macaca fascicularis. Acta Histochem. Cytochem. 45; 325-334.

4. Campanella, A., Rovelli, E., Santambrogio, P., Cozzi, A., Taroni,
F. and Levi, S. (2009) Mitochondrial ferritin limits oxidative
damage regulating mitochondrial iron availability: hypothesis for
a protective role in Friedreich ataxia. Hum. Mol. Genet. 18; 1-11.

5. Connor, J. R., Menzies, S. L., St Martin, S. M. and Mufson, E. J.
(1990) Cellular distribution of transferrin, ferritin, and iron in
normal and aged human brains. J. Neurosci. Res. 27; 595-611.

6. Connor, J. R., Menzies, S. L., St Martin, S. M. and Mufson, E. J.
(1992) A histochemical study of iron, transferrin, and ferritin in
Alzheimer’s diseased brains. J. Neurosci. Res. 31; 75-83.

7. Corsi, B., Cozzi, A., Arosio, P., Drysdale, J., Santambrogio, P.,
Campanella, A., Biasiotto, G., Albertini, A. and Levi, S. (2002)
Human mitochondrial ferritin expressed in HeLa cells
incorporates iron and affects cellular iron metabolism. J. Biol.
Chem. 277; 22430-22437.

8. Dickson, D. W. (2012) Parkinson’s disease and parkinsonism:
neuropathology. Cold Spring Harb. Perspect. Med. 2; a009258.

9. Drysdale, J., Arosio, P., Invernizzi, R., Cazzola, M., Volz, A.,
Corsi, B., Biasiotto, G. and Levi, S. (2002) Mitochondrial
ferritin: a new player in iron metabolism. Blood Cells Mol. Dis.
29; 376-383.

10. Gibb, W. R. (1992) Melanin, tyrosine hydroxylase, calbindin and
substance P in the human midbrain and substantia nigra in
relation to nigrostriatal projections and differential neuronal
susceptibility in Parkinson’s disease. Brain Res. 581; 283-291.

11. Halliwell, B. (2006) Oxidative stress and neurodegeneration:
where are we now? J. Neurochem. 97; 1634—1658.

12. Horowitz, M. P., Milanese, C., Maio, R. Di, Hu, X., Montero, L.
M., Sanders, L. H., Tapias, V., Sepe, S., vanCappellen, W. A,
Burton, E. A., Greenamyre, J. T. and Mastroberardino, P. G.
(2011) Single-cell redox imaging demonstrates a distinctive
response of dopaminergic neurons to oxidative insults. Antioxid.
Redox Signal. 15; 855-871.

13. House, E., Esiri, M., Forster, G., Ince, P. G. and Exley, C. (2012)
Aluminium, iron and copper in human brain tissues donated to
the Medical Research Council’s Cognitive Function and Ageing

References

Study. Metallomics 4; 56—65.

14. Levi, S., Corsi, B., Bosisio, M., Invernizz, R., Volz, A., Sanford,
D., Arosio, P. and Drysdale, J. (2001) A human mitochondrial
ferritin encoded by an intronless gene. J. Biol. Chem. 276;
24437-24440.

15. Levi, S. and Arosio, P. (2004) Mitochondrial ferritin. Int. J.
Biochem. Cell Biol. 36; 1887—1889.

16. Nie, G. J,, Sheftel, A. D., Kim, S. F. and Ponka, P. (2005)
Overexpression of mitochondrial ferritin causes cytosolic iron
depletion and changes cellular iron homeostasis. Blood 105;
2161-2167.

17. Shi, Z. H., Nie, G. J., Duan, X. L., Rouault, T., Wu, W. S. and
Ning, B. (2010) Neuroprotective mechanism of mitochondrial
ferritin on  6-hydroxydopamine-induced dopaminergic cell
damage: implication for neuroprotection in Parkinson’s disease.
Antioxid. Redox Signal. 13; 783-796.

18. Snyder, A. M., Wang, X. S., Patton, S. M., Arosio, P., Levi, S.,
Earley, C. J., Allen, R. P. and Connor, J. R. (2009) Mitochondrial
ferritin in the substantia nigra in restless legs syndrome. J.
Neuropathol. Exp. Neurol. 68; 1193—1199.

19. Wang, L. G., Yang, H. K., Zhao, S. G., Sato, H., Konishi, Y.,
Beach, T. G., Abdelalim, E. M., Bisem, N. J. and Tooyama, I.
(2011) Expression and localization of mitochondrial ferritin
mRNA in Alzheimer’s disease cerebral cortex. PLoS One 6;
€22325.

20. Welch, K. D., Davis, T. Z., Van Eden, M. E. and Aust, S. D.
(2002) Deleterious iron-mediated oxidation of biomolecules.
Free Radic. Biol. Med. 32; 577-583.

21. Wu, W. S., Zhao, Y. S., Shi, Z. H., Chang, S. Y., Nie, G. J., Duan,
X. L., Zhao, S. M., Wu, Q., Yang, Z. L., Zhao, B. L. and Chang,
Y. Z. (2013) Correction to mitochondrial ferritin attenuates beta-
amyloid-induced neurotoxicity: reduction in oxidative damage
through the Erk/P38 mitogen-activated protein kinase pathways.
Antioxid. Redox Signal. 18; 158-169.

22. Yang, H. K., Yang, M. C., Guan, H. P, Liu, Z. Y., Zhao, S. G.,
Takeuchi, S., Yanagisawa, D. and Tooyama, 1. (2013) Mito-
chondrial ferritin in neurodegenerative diseases. Neurosci. Res.
77; 1-7.

23. Yang, H. K., Guan, H. P, Yang, M. C., Liu, Z. Y., Takeuchi, S.,
Yanagisawa, D., Vincent, S. R., Zhao, S. G. and Tooyama, I.
(2015) Upregulation of mitochondrial ferritin by proinflam-
matory cytokines: implications for a role in Alzheimer’s disease.
J. Alzheimers Dis. 45; 797-811.

24. Yang, M. C., Yang, H. K., Guan, H. P, Bellier, J. P., Zhao, S. G.
and Tooyama, 1. (2016) Mapping of mitochondrial ferritin in the
brainstem of Macaca fascicularis. Neuroscience 328; 92—-106.

25. Zecca, L., Gallorini, M., Schiinemann, V., Trautwein, A. X.,
Gerlach, M., Riederer, P., Vezzoni, P. and Tampellini, D. (2001)
Iron, neuromelanin and ferritin content in the substantia nigra of
normal subjects at different ages: consequences for iron storage
and neurodegenerative processes. J. Neurochem. 76; 1766—1773.

26. Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R. and
Crichton, R. R. (2004) Iron, brain aging and neurodegenerative
disorders. Nat. Rev. Neurosci. 5; 863-873.

27. Zucca, F. A., Segura-Aguilar, J., Ferrari, E., Mufioz, P., Paris, 1.,
Sulzer, D., Sarna, T., Casella, L. and Zecca, L. (2015)
Interactions of iron, dopamine and neuromelanin pathways in
brain aging and Parkinson’s disease. Prog. Neurobiol. doi:
10.1016/j.pneurobio.2015.09.012.

This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.




