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Abstract

Neuronal iron homeostasis disruption and oxidative stress are closely related to the pathogenesis of Parkinson’s
disease (PD). Adult iron-regulatory protein 2 knockout (Ireb2”/") mice develop iron accumulation in white matter
tracts and nuclei in different brain area and display severe neurodegeneration in Purkinje cells of the cerebrum.
Mitochondrial ferritin (MtFt), a newly discovered ferritin, specifically expresses in high energy—consuming cells,
including neurons of brain and spinal cord. Interestingly, the decreased expression of MtFt in cerebrum, but not
in striatum, matches the differential neurodegeneration pattern in these Ireb2”~ mice. To explore its effect on
neurodegeneration, the effects of MtFt expression on 6-hydrodopamine (6-OHDA)-induced neuronal damage
was examined. The overexpression of MtFt led to a cytosolic iron deficiency in the neuronal cells and signifi-
cantly prevented the alteration of iron redistribution induced by 6-OHDA. Importantly, MtFt strongly inhibited
mitochondrial damage, decreased production of the reactive oxygen species and lipid peroxidation, and dra-
matically rescued apoptosis by regulating Bcl-2, Bax and caspase-3 pathways. In conclusion, this study dem-
onstrates that MtFt plays an important role in preventing neuronal damage in an 6-OHDA-induced
parkinsonian phenotype by maintaining iron homeostasis. Regulation of MtFt expression in neuronal cells may
provide a new neuroprotective strategy for PD. Antioxid. Redox Signal. 13, 783-796.

Introduction

PARKINSON'S DISEASE (PD) is a common neurodegenera-
tive disease characterized by the loss of dopaminergic
neurons in the substantial nigra (SN) and the formation of
filamentous intraneuronal inclusions, with clinical symptoms
of rigidity, resting tremor, and bradykinesia (34). Although
PD etiology remains mysterious, it has been proposed that
disruption of iron homeostasis, dysfunctions of mitochondria,
and oxidative stress play key roles in the pathogenesis of PD
(19, 27, 51, 52). Analysis of postmortem PD SN reveals in-
creased nonheme iron in the SN and nigra (12, 40, 52). If iron is
causally involved in the cellular degeneration associated with
toxin-induced parkinsonism, it would be expected that anti-
oxidant supplements and iron chelation by iron-storage pro-
tein or blood-brain barrier (BBB)-permeable chelators might

protect from neuronal cell damage in PD (18, 51). A recent
report demonstrated that both transgenic expression of H-
ferritin and pharmacologic iron chelation prevent MPTP-
induced neurotoxicity in vivo (24). However, a missing role for
ferritins in the pathophysiologic context of various neurode-
generative diseases still exists.

6-Hydroxydopamine (6-OHDA) is a neurotoxin that causes
selective death in catecholamine-containing neurons. As a
reactive oxidative species (ROS)-producing agent, this com-
pound has been shown to generate hydrogen peroxide, su-
peroxide radical, and hydroxyl radical (9, 15, 41), which are
involved in the PD pathogenesis process. Several lines of ev-
idence also showed that quinine derived from 6-OHDA au-
tooxidation also exerts neuronal toxicity, probably through
ER stress (31, 37, 48). Neuroblastoma SH-SY5Y cells treated
with 6-OHDA are widely used as a valuable cell model of
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dopaminergic neuronal cell death to mimic the pathophysi-
ologic degeneration (17). They also have been used to induce
degeneration of the nigrostriatal dopaminergic neurons in
animal models of PD (18). 6-OHDA, as a neurotoxin, may
cause iron release from cytosolic ferritin (22). These released
irons may react with endogenous hydrogen peroxide by
Fenton reaction to produce highly toxic hydroxyl free radicals
and result in cell death in PD.

Iron-regulatory proteins (IRPs, including IRP1 and IRP2)
are ubiquitously expressed regulatory proteins that have a
central role in mammalian iron metabolism. Adult IRP2
knockout mice (Ireb2”/~ mice) accumulate iron in many re-
gions of the brain. Numerous severe Purkinje cells degener-
ations were observed in cerebellum particularly (25, 39).

Cytosolic ferritins (H and L ferritins) are ubiquitous proteins
with a defined function of sequestration and storage of iron as a
safe and accessible reserve of iron in cytoplasm (2, 3, 44). Be-
cause excess free iron might generate damaging ROS as by-
products during mitochondrial electron transport, ferritins,
under the influence of iron and oxygen metabolism, exert cel-
lular protective roles against iron-mediated free radical damage
(2,3,13). Mitochondrial ferritin (MtFt) is a recently identified H-
ferritin-like protein (26) that has been shown to modulate
cellular iron metabolism dramatically (10, 26, 30). Its physio-
logic expression is restricted to mitochondria of testes, the
central nervous system, and other high oxygen-consumption
tissues (38). Although overexpression of MtFt modulates in-
tracellular iron homeostasis (10, 26, 30), no study has explored
the functions of MtFt on neuronal cell iron metabolism and the
possible roles of neurodegeneration, such as in PD.

In this study, we first confirmed the endogenous expression
of MtFt in the cerebellum and striatum of mice and found that
MtFt expression decreased significantly in the cerebellum, but
not in the striatum of Ireb2 ™/~ mice compared with their wild-
type counterparts. This differential expression pattern of MtFt
matches well with the severe neurodegeneration observed in
the cerebellum of Ireb2”/~ mice. Based on these observations,
we hypothesized that downregulation of MtFt in the cere-
bellum may be involved in neuronal cell death in Ireb2”/~
mice, and MtFt plays important roles in neurodegeneration in
PD and PD-like syndromes. To explore this hypothesis, we
transfected the mouse mitochondrial ferritin gene into SH-
SY5Y cells and established a stable-transfected cell line, MtFt-
SY5Y, to investigate the function of MtFt on a PD cell model
induced by 6-OHDA. Our current study demonstrates that
MtFt can dramatically affect neuronal cell iron metabolism
and significantly prevent neuronal cell damage induced by 6-
OHDA. The current observations, together with the specific
distribution in high oxygen-consumption tissues and cells,
suggest that the regulation of ferritin expression in neuronal
mitochondria may provide a new neuroprotective strategy for
neurodegenerative diseases, such as in PD.

Materials and Methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal calf
serum, 4-(2-hydroxyethyl) — 1-piperazineethanesulfonic acid
(HEPES) were purchased from Gibco BRL (Grand Island,
NY). 6-OHDA, 2’,7’-dichlorofluorescein diacetate (DCE-DA),
rhodamine 123 (Rh123), annexin V, propidium iodide (PI),
Hoechst 33258,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
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tetrazolium-bromide (MTT), calcein-AM, Fluo-3-AM, decylu-
biginone, NADH, penicillin, and streptomycin were purchased
from Sigma (St. Louis, MO). Lipofectamine 2000 was pur-
chased from Invitrogen (San Diego, CA). The plasmid of mouse
mitochondrial ferritin and blank plasmid pcDNA3.1(-) were
described in previous articles (30). Anti-HA, f-actin, Bcl-2, Bax,
T1R, ferritin, and cytochrome c antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies
against DMT1 (+IRE), DMT1 (-IRE), and ferroportin are from
Alpha Diagnostic International (San Antonio, TX). The anti-
MtFt antibody was a gift from Professor Sonia Levi.

Animals

Wild-type and Ireb2”/~ mice (lack of IRP2 protein) were
housed in stainless steel rust-free cages at 22 to 24°C, 45% to
55% relative humidity in NIH. All animals were provided free
access to food and distilled water. The experimental animals
were 14 months old. All experimental procedures were per-
formed according to U.S.A. animal safety regulations.

Generation of stable MtFt-expressing cell line
and 6-OHDA treatment

The plasmid of mouse MtFt-pcDNA3.1(-) and the empty
plasmid of pcDNA3.1(-) were transfected into SH-SY5Y cells
with Lipofectamine 2000, according to the manufacturer’s
instructions. Stable transfectants were selected in medium
containing 1,000 ug/ml G418. Representative clones were
isolated for further characterization. The cells were main-
tained in DMEM supplemented with heat-inactivated fetal
calf serum (10%, vol/vol), glucose (4.5mg/ml), penicillin
(100U/ml), and streptomycin (100 ug/ml) in humidified
5%C0,/95% air at 37°C. 6-OHDA was dissolved in PBS with
0.1% vitamin C. The stock solution of 6-OHDA was prepared
and stored at —20°C in the dark.

RT-PCR

Total RNA was extracted from cells with TRIzol reagent
(Invitrogen); 2mg of total RNA was reverse transcribed into
cDNA by using the SuperScript First-Strand Synthesis System
(Invitrogen). The PCR-reaction solution was performed ac-
cording to the following parameters: 94°C denaturation for
4min, 94°C for 45s, 57°C for 30s, and 72°C for 40s for 32
cycles, followed by 72°C extension for 7 min with TaKaRa Ex
Taq Hot Start Version (Takara, Japan) in a Mastercycler ep
Realplex 4 Thermor Cycler (Eppendorf). The PCR reaction
was electrophoresed on a 2% agarose gel. The primer se-
quences used for the PCR reaction were as follows: Human
MtFt (192bp) sense H-MtFt-F: GCTCTATGCGTCCTACGTG
TACTTGT, antisense H-MtFt-R: TCCTGTTCCGGCTTCTTG
AT; mouse MtFt (102bp) sense QMtFtl-F: AGCACATCAG
CTCTGCACTG, antisense QMtFt1-R: AGGCCAGTAGGGG
ACCTAAA.

Assessment of Cell Viability

Cell viability was measured with MTT assay according to
the literature (29). In brief, the exponentially growing SH-
SY5Y cells, MtFt-transfected cells (MtFt-SY5Y), and vector
pcDNAB3.1-transfected cells (Vector-SY5Y) were harvested
with 0.25% trypsin-0.02% EDTA and then plated at a density
of 10*/well in 96-well plates. After overnight incubation, the
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medium was removed and replaced with fresh medium with
or without 100 uM 6-OHDA for 24 h. Cell viability was de-
termined by adding MTT (500 ug/ml) to each well, and the
mixture was incubated for another 4 h at 37°C. After the me-
dium was removed, cells were lysed with DMSO. The ab-
sorbance at 595 nm was measured with a Bio-Rad model 3550
microplate reader (Richmond, CA). The samples were mea-
sured in eight replicates, and each experiment was repeated
three times.

Morphologic changes

The cells were fixed with Carnoy’s fixative buffer contain-
ing methanol and glacial acetic acid (3:1, vol/vol) and incu-
bated with Hoechst 33258 (3 ug/ml) for 30 min. The nuclear
morphology was observed with fluorescence microscopy
(Olympus, kx14e). Nuclear-size reducing, chromatin con-
densation, intense fluorescence, and nuclear fragmentation
were considered apoptosis.

Detection of cell apoptosis by annexin V/propidium
iodide staining

6-OHDA-induced apoptosis in SH-SY5Y, MtFt-SY5Y, and
Vector-SY5Y cells was measured by annexin V/propidium
iodide (PI) staining, followed by FACS measurement of their
emissions, as described in the literature (29).

Measurement of release of cytochrome ¢

The release of cytochrome ¢ was measured with Western
blotting with extracts of cytosolic fractions. Cytochrome ¢
immunofluorescence was measured according to the litera-
ture (8), with minor modifications. After treatment with
100 uM 6-OHDA for 24 h, the cells were washed twice in ice-
cold PBS. After treatment with 4% polyoxymethylene over-
night at 4°C, the cells were washed with prechilled absolute
methanol for 5 min, blocked with 5% sheep blood serum for
1h, and then treated with anti-cytochrome c antibody for
overnight at 4°C. After washing 3 times, the cells were treated
with sheep anti-mouse IgG/FITC for 1h at 37°C. The release
of cytochrome ¢ was observed under a fluorescence micros-
copy (Olympus, kx14e).

Measurement of intracellular ROS

The level of intracellular ROS was quantified by measuring
the fluorescence of DCF-DA, according to Guo et al. (17). After
treatment with or without 100 uM 6-OHDA for 24 h, the cells
were collected and washed 3 times with 1xPBS, followed by
incubation with 5 uM DCF-DA for 45 min at 37°C in the dark.
Then the cells were washed 3 times with 1xPBS and re-
suspended in BSS buffer containing 130 mM NaCl, 5.4 mM
KCl, 0.8 mM MgCl,, 1.8 mM CaCl,, 15 mM glucose, and 5 mM
HEPES, pH 7.4. The relative levels of fluorescence were
quantified by fluorescence spectrophotometer (Hitachi F-
4500, Tokyo, Japan; 485-nm excitation and 535-nm emission),
and the data were expressed as a percentage of the fluores-
cence relative to the fluorescence of the control cells.

Measurement of thiobarbituric
acid-reacted substances

The levels of lipid peroxidation were measured by deter-
mining TBARS according to Zhang et al. (53). Cells were
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collected and lysed on ice for 20 min by lysis buffer (50 mM
Tris—-HCI, 150 mM NaCl, and 1% Triton X-100). The sam-
ples were mixed with 1ml of 0.8% (wt/vol) trichloroacetic
acid and 0.8 ml double-distilled water. After vortexing, the
samples were incubated for 60 min in boiling water, and
TBARS were extracted with 3ml of n-butanol. After centri-
fugation at 4,400 g for 10 min, the absorption of the butanol
layer was measured at 532nm. 1,1,3,3-Tetraethoxypropane
(TMP) served as MDA standard. TBARS levels were
expressed as the ratio of the values of treated samples to
the control.

Measurement of mitochondrial membrane potential

The change in mitochondria membrane potential was as-
sayed by measuring the retention of rhodamine 123 (Rh123).
In brief, after treatment with or without 6-OHDA, the me-
dium was removed and replaced with fresh nonserum me-
dium containing 10 uM Rh123 for 15 min at 37°C in the dark.
Then the cells were washed 3 times with 1xPBS. The Rh123-
specific fluorescence intensity was monitored at an excitation
wavelength of 490 nm and an emission wavelength of 515 nm
by using a Hitachi F-4500 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan). The data were expressed as a per-
centage of the fluorescence in samples relative to the fluo-
rescence in the control cells.

Assessment of complex | activity of mitochondrial
respiratory chain

The complex I activity was measured according to Janssen
(23). In brief, 960-ul reaction solution (containing 25mM
potassium phosphate, 3.5 g/L BSA, 60 uM DCIP, 70 uM de-
cylubiquinone, 1.0 uM antimycin-A, pH 7.8) was mixed with
20 pl mitochondrial fraction from cells at 37°C. After 3 min,
20 pul of 10mM NADH (dissolved in dimethyl sulfoxide) was
added, and the absorbance at 600 nm was measured at 30-s
intervals for 4 min at 37°C. After 4 min, 1.0 ul rotenone (1 mM
in dimethyl sulfoxide) was added, and the absorbance was
measured again at 30-s intervals for 4min. The complex
I activity was expressed as units per milligram protein (1 U
of complex I activity is equal to reduction of 1uM DCIP
per min).

Measurement of the levels of intracellular
labile iron pool

The LIP levels were measured according to the literature
(14), with minor modifications. In brief, after treatment with
or without 6-OHDA, the cells were harvested, washed, and
resuspended in a medium containing 140 mM NaCl, 5 mM
KCl, 1mM MgCl,, 5.6 mM glucose, 1.5 mM CaCl,, and 20 mM
Hepes (pH 7.4). Calcein-AM was added to a final concentra-
tion of 0.25uM. The reaction mixture was subsequently in-
cubated for 30 min at 37°C. After washing 3 times, the cells
were resuspended in the medium and transferred to a cuvette.
The fluorescence intensity of calcein-AM was quantified by a
fluorescence spectrophotometer (Hitachi F-4500), at an exci-
tation wavelength of 485 nm and an emission wavelength of
520 nm. When the baseline was stable, 100 uM salicylaldehyde
isonicotinoyl hydrazone (SIH) (final concentration, 100 uM)
was added, and the increase of the fluorescence reflected the
levels of calcein-bound iron.
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Measurement of intracellular
calcium concentration

The concentration of intracellular Ca®* was measured with
Fluo-3-AM according to the method of Zhang et al. (53) with
minor modifications. Cells were harvested, washed, and re-
suspended in the medium containing 140 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 5.6 mM glucose, 1.5 mM CaCl,, and 20 mM
Hepes (pH 7.4), and then Fluo-3-AM (5 mM) was added. The
reaction mixture was subsequently incubated for 30 min at
37°C. After washing 3 times, the cells were resuspended in the
medium and transferred to a fluorometer cuvette. The fluo-
rescence intensity of Fluo-3 was quantified by a fluorescence
spectrophotometer (Hitachi F-4500), at an excitation wave-
length of 490 nm and an emission wavelength of 526 nm. The
intracellular calcium concentration ([Ca®*]i) was calculated
from the Fluo-3 fluorescence intensity according to the liter-
ature (53).

Western blotting

The 40 ug protein of each sample was loaded in SDS-PAGE,
separated on gels (10% for MtFt, Bcl-2, and Bax; 8% for
DMT1(+IRE), DMT1(-IRE), and ferroportin; 6% for TfR), and
then transferred to nitrocellulose membranes. Blots were
blocked in blocking buffer containing 5% fat-free milk, 0.1%
Tween 20 in 0.1 M TBS, and incubated with primary antibody
overnight with constant agitation at 4°C. After washing 4
times, the membranes were incubated with the second anti-
body for 1 h at room temperature, with constant agitation, and
then washed and reacted with the chemiluminescent sub-
strate (Pierce Biotechnology, Rockford IL), and exposed to
Kodak-XAR film. The film was digitized and analyzed with
an NIH imaging software.

Statistical analysis

All experiments were performed at least in triplicate. One-
way ANOVA was used to estimate overall significance,
followed by post hoc Tukey tests corrected for multiple com-
parisons. Data are presented as mean+SD. A probability
level of 95% (p < 0.05) is considered significant.

Results

Endogenous expression pattern of MtFt in the brain
of wild-type and Ireb2”/~ mice

Although it has been shown that MtFt expression is re-
stricted mainly to tissues with high metabolic activity and
oxygen consumption, such as testis, brain, and spinal cord
(38), the roles of this protein are largely unknown. Targeted
deletion of the IRP2 causes misregulation of iron metabolism
and PD-like neurodegeneration in adult mice (25). In the
cerebellum of Ireb2”~ animals, the Purkinje cell loss is pro-
minent (25). It has been speculated that the MtFt expression
pattern in Ireb2”/~ mice brain may be altered, and the possible
changes of MtFt expression may emphasize the neurologic
roles of this protein.

We then tested the endogenous expression of MtFt in the
cerebellum and striatum of wild-type and Ireb2”/~ mice. Inter-
estingly, we found a significant decrease of MtFt levels in the
cerebellum but not in the striatum of Ireb2”/~ mice compared
with their wild-type counterparts, as shown in Fig. 1A and B.
As controls, the levels of actin and mitochondrial protein cy-
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tochrome ¢ were not changed (Fig. 1A and B). The differential
expression pattern of MtFt in the brains of [reb2”/~ animals may
suggest that the protein is involved in the neurodegenerative
process of the Purkinje cell observed in Ireb2/~ mice. Aging-
related changes of MtFt-expression changes were also been
observed. MtFt levels increased gradually with age, reaching
the highest level at postnatal 12 weeks in cortex and hippo-
campus and 44 weeks in striatum, followed by a decrease in
aging animals (data not shown). Because cytosolic ferritins are
the major cellular protective proteins against iron-mediated
oxidative stress, the cell type-specific expression pattern and
altered expression with the aging process and in Ireb2”/~ ani-
mals may suggest that the new types of ferritins may play an
important role in neuroprotection.

MtFt expression significantly rescues cell death
after 6-OHDA treatment

To investigate the possible roles of MtFt in neuroprotection,
stably transfected MtFt-SY5Y cells were screened and estab-
lished. MtFt protein expression was analyzed with Western
blotting by using anti-HA tag antibody. As shownin Fig. 1C, a
representative clone was selected and used for further char-
acterization. In agreement with previous reports (30), an MtFt
protein band exists with an apparent molecular mass of
22 kDa on SDS-PAGE; no such band was detected in SH-SY5Y
and vector-transfected cells (Fig. 1C). No significant changes
of MtFt expression were noted in 100 uM 6-OHDA-treated
MtFt-SY5Y cells for 24 h, as shown in Fig. 1D. The endogenous
expression of human MtFt in SH-SH5Y cells is low and not
comparable to the levels of overexpressed mouse MtFt in SH-
SY5Y cells by RT-PCR measurement (Fig. 1Ei and Eii).

Previously, our studies and those of others have shown that
6-OHDA can decrease the viability of SH-SY5Y in a dose- and
time-dependent manner (17, 42). A remarkable decrease in the
viability of SH-SY5Y and Vector-SY5Y cells (~60%; p < 0.01,
compared with the control groups, respectively) was ob-
served under the treatment of 100 uM 6-OHDA for 24 h (Fig.
2A). However, the viability of MtFt-SY5Y cells decreased
>10%, without a significant difference compared with the
control groups. These results show that overexpression of
MtFt prevents the decrease in cell viability under the 6-OHDA
treatment.

Further to study the neuroprotective roles of MtFt, the ef-
fects of MtFt on apoptosis were measured with different
techniques. First, the levels of apoptosis induced by 6-OHDA
treatment were quantified by using annexin V and PI staining,
followed by cell flow-cytometry measurement. Figure 2B
shows that MtFt has a dramatic antiapoptotic role against the
neurotoxin 6-OHDA-induced cell damage. After treatment
with 100 uM 6-OHDA for 24 h, the ratio of apoptotic annexin-
positive MtFt-SY5Y cells increased from 3.61% to 9.04%;
however, the ratios of apoptotic annexin-positive Vector-
SY5Y cells increased from 8.29% to 41.26% (p < 0.01) (Fig. 2Bi
and 2Bii). Second, MtFt expression also markedly prevented
the morphologic changes induced by 6-OHDA treatment. As
shown in Fig. 2C, the majority of cells in the control groups
had normal nuclei staining patterns with the membrane-
permeable DNA-binding dye Hoechst 33258. Exposure to
100 uM 6-OHDA for 24 h led to typical apoptosis morphology
(condensed chromatin and bright staining) in SH-SY5Y and
Vector-SY5Y cells, but not in MtFt-SY5Y cells (Fig. 2C).
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FIG.1. The endogenous expression of MtFt in the cerebellum and striatum of wild-type (WT) and Ireb2”/~ mice and the
overexpression of mouse MtFt in SH-SY5Y cells. Cerebellum and striatum extracts were analyzed with Western blotting by
using anti-MtFt, anti-cytochrome ¢, and f-actin antibodies (Ai) and (Bi). Relative band intensities of MtFt were expressed as
the ratio of MtFt to f-actin (Aii) and (Bii) (mean + SD; **p < 0.01 vs. wild-type controls). CC and ST represent cerebellum and
striatum, respectively. Overexpression of MtFt in the stably transfected SH-SY5Y cells was detected with Western blotting by
using an anti-HA antibody (C). No effects of 6-OHDA treatment on the expression of MtFt were detected by Western blotting
with an anti-HA antibody (D). RT-PCR measurement of overexpressed mouse MtFt messages (Ei) and endogenous human

MtFt messages (Eii).

MtFt expression diminishes the increase in the levels
of intracellular ROS, TBARS, and [CaZJr Ji induced
by 6-OHDA treatment

Our previous study showed that 6-OHDA treatment in-
creased ROS production in SH-SY5Y cells, resulting in de-
creases in cell viability and increases in apoptosis (17). In the
current study, it was found that 6-OHDA treatment led to a
slight increase in intracellular ROS production (18% =+ 1.94%)
in the MtFt-SY5Y cells, but a significant increase in the levels
of ROS in the SH-SY5Y (90% + 5.86%) and in the Vector-SY5Y
(91% +4.44%) cells compared with the control groups with-
out 6-OHDA treatment (as shown in Fig. 3A). Therefore, MtFt
overexpression significantly decreases the intracellular ROS
production induced by 6-OHDA.

Excess ROS production may cause oxidative damage of the
cell membrane, proteins, and even DNA. As shown in Fig. 3B,
6-OHDA treatment caused 30% = 6.14% increase in TBARS
formation in Vector-SY5Y cells (p < 0.05); however, in the MtFt-

SY5Y cells, no significant difference was found compared with
the control groups. The results indicate that the expression of
MtFt inhibits 6-OHDA-induced lipid peroxidation in the cells.

Elevated ROS and lipid peroxidation production promotes
overload of intracellular calcium and consequently leads to
apoptosis (53). As shown in Fig. 3C, 6-OHDA treatment led to
~200% (p <0.01) increase in intracellular calcium levels in
SH-SY5Y and Vector-SY5Y cells; conversely, in the MtFt-SY5Y
cells, significantly lower levels of calcium increase was ob-
served (50% increase, compared with the control groups),
indicating that expression of MtFt largely prevents 6-OHDA-
induced calcium overload in the cells.

MitFt expression attenuates 6-OHDA-induced
decreases in mitochondrial membrane potential
and complex | activity and prevents cytochrome c release

The state of mitochondrial membrane potential reflects the
metabolic activity of mitochondria and has a close relation



788 SHI ET AL.

A 120,
S 100+ ##
£
o
S 80-
(o)

?
< 60+
=z
8 401
z
8 20-

0-
SY5Y SY5Y Vector Vector MtFt MtFt
6-OHDA (uM) 0 100 0 100 0 100

- < ~
Bi = a °® 7.91 21 b ' 15.39
%1 . =3
T i T L psanasiii
T i Ty o e
3 =1 - N =4 ) S
[TH w b1
0.38 CEN 53572 YT
1 |
10° 10! 102 10° 104 10° 10! 102 10° 10*
FL1-H FL1-H
E 0.22 2.07 oy
= . . - 038 8.04
c d
27 . 27
T . SR _
% 9] g 2
P 1.54
:‘2} sl £ 61 1.00
B ':‘..I.".. l SN Y'Y, | ,
10° 10! 10? 10° 104 10° 10° 10*
FL1-H FL1-H
Bii C

d
701 —>
60
e
—_
—
04
Vector Vector MtFt MtFt
6-OHDA (uM) 0 100 0 100
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(b) Vector-SY5Y; (c¢) MtFt-SYSY; (d) SH-SY5Y + 6-OHDA; (e) Vector-SY5Y + 6-OHDA; (f) MtFt-SY5Y + 6-OHDA. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www liebertonline.com/ars).
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with apoptosis. It has been reported that dysfunction of mi-
tochondria and decreased activity of complex I, II, III, and IV
could induce ROS overproduction; consequently, it resulted in
apoptosis (53). To examine the underlying protective mecha-
nism of MtFt on mitochondria, the mitochondrial membrane
potential (MMP) and complex I activity were measured.
The results showed that 6-OHDA treatment decreased MMP
by 50.79% £ 4.09% (p < 0.01) and 55.53% % 5.26% (p < 0.01) in
SH-SY5Y and Vector-SY5Y cells, respectively, compared with
the control groups; however, in MtFt-SY5Y cells, the mem-
brane potential decreased only 10.15% +3.45% (Fig. 4A).
These results indicate that MtFt maintains the membrane
potential and protects against the mitochondrial damage in-
duced by 6-OHDA treatment.

The complex I activity reflects the stability, function, and
metabolic activities of mitochondria. It has been reported
that inhibition of complex I activity may induce oxidative
stress and mitochondrial dysfunction (16), and 6-OHDA can
inhibit complex I activity (16, 20). To determine the effects of
MtFt expression on the activity of mitochondrial complex I,
its activity was measured under treatment with 6-OHDA.
As previously observed (17), 6-OHDA treatment decreased
the complex I activity by 70% (p <0.01) in Vector-SY5Y
cells compared with the control groups; however, the com-
plex I activity decreased only ~10% in MtFt-SY5Y cells

(Fig. 4B). These results indicate that overexpression of MtFt
protects the mitochondrial function against 6-OHDA-
induced damage through preventing the loss of the activity
of complex I.

Release of cytochrome ¢ from mitochondria is a typical
characteristic of apoptosis, which can activate a series of ap-
optosis cascades and lead to cell death. Figure 4C and D
shows that 100 uM 6-OHDA significantly induced the release
of cytochrome c from the mitochondria of SH-SY5Y and
Vector-SY5Y cells to cytosol, indicating the cells were under-
going apoptosis; however, for MtFt-transfected cells, no sig-
nificant difference was observed between 6-OHDA-treated
and —untreated groups, further emphasizing that MtFt ex-
pression markedly prevents the apoptosis of SH-SY5Y cells
with the treatment of 6-OHDA.

MtFt expression dramatically sustains the Bcl-2/ Bax ratio
and prevents caspase-3 activation

Bcl-2 and Bax are antiapoptotic and proapoptotic proteins,
respectively. Our previous studies and those of others (45)
reported that the Bcl-2/Bax ratio has been widely used to
monitor apoptosis. When cells were treated with 6-OHDA for
24 h, the ratio of Bcl-2/Bax for Vector-SY5Y cells, quantified
by Western blotting, decreased dramatically compared with
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the control group; however, the ratio of Bcl-2/Bax for MtFt-
SH5Y cells was not apparently changed (Fig. 4Ei and 4Fii). As
shown in Fig. 4F, 6-OHDA treatment dramatically activated
caspase-3 in Vector-SY5Y cells, demonstrated by an increased
cleaved band of caspase-3 and a decreased band of procas-
pase-3; however, MtFt expression significantly prevented the
procaspase-3 activation (Fig. 4Fi and 4Fii). These observations
indicate that MtFt significantly maintains the normal levels of
Bcl-2, decreases Bax levels, and prevents caspase-3 activation
to protect the cell survival against 6-OHDA treatment.

The effects of MtFt on the levels of LIP under
6-OHDA treatment

The labile iron pool (LIP) of mammalian cells has been
suggested to be the cellular free-iron source that is relatively
accessible for the Fenton reaction. It has been shown (10, 30)
that MtFt expression significantly mobilizes iron into mito-
chondria and dramatically redistributes intracellular iron
levels. To measure the changes of LIP, the specific fluores-
cence probe calcein-AM, which binds iron specifically, and
the iron chelator salicylaldehyde isonicotinoyl hydrazone
(SIH) were used. As shown in Fig. 5A, only a slight, but in-
significant decrease was seen in the levels of LIP in MtFt-SY5Y
cells compared with Vector-SY5Y cells (columns 1 vs. 3);
however, the fluorescence intensity was significantly in-
creased by 230% in Vector-SY5Y cells after 6-OHDA treatment
(columns 1 vs. 2), presumably because of rapid release of iron
from various intracellular sources with the treatment with
oxidants (11, 29, 44). The fluorescence signal was increased by
67% only in MtFt-SY5Y cells (Fig. 5A, columns 4 vs. 3), which
is significantly lower than the changes in Vector-SY5Y cells
(Fig. 5A, columns 4 vs. 2). These results indicate that the ex-
pression of MtFt slightly decreases LIP levels, but significantly
blocks iron redistribution from intracellular stored iron with
the treatment with 6-OHDA.

The effects of MtFt on the levels of iron proteins
with 6-OHDA treatment

To clarify the mechanisms of MtFt in regulating intracel-
lular iron homeostasis and the consequent neuroprotective
roles in neuronal cells, the iron proteins involving in iron
uptake, transport, and storage (Transferrin Receptor (TfR),
Divalent Metal Transporter 1 (DMT1), ferroportin and H-
ferritin, respectively) were studied with the treatment of
6-OHDA. First, in neuroblastoma SH-SY5Y cells, over-
expression of MtFt elevated the levels of TfR (by 22%) and
decreased cytosolic H-ferritin levels (by 37%; Fig. 5Bi, lane 1

A
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vs. 3), indicating the iron deficiency of the cytoplasm, which
was consistent with our previous study in H1299 lung cancer
cells (30). Interestingly, when Vector-SY5Y cells were treated
with 6-OHDA for 24h, the neurotoxin significantly upre-
gulated the levels of ferritin and downregulated the levels of
TfR compared with the control groups; whereas no signifi-
cant changes were found in MtFt-SY5Y cells under the same
treatment (Fig. 5Bi, lane 1 vs. 2 and lane 3 vs. 4). The quan-
titative measurements (Fig. 5Bii) showed that 6-OHDA
treatment led to <15% decrease in TfR levels in MtFt-SH5Y
cells, but a 45% decrease in the vector-transfected cells; for
ferritin expression, almost no change was found in MtFt-
SH5Y cells, but a 25% increase in the vector-transfected cells
(Fig. 5Bii). These observations are consistent with previous
studies that show that oxidants treatment stimulates ferritin
expression and inhibits TfR expression (29, 46). MtFt ex-
pression attenuates the changes induced by 6-OHDA treat-
ment.

Iron-uptake experiments showed that Tf-TfR-mediated
iron uptake was only slightly increased in MtFt-SH5Y cells
compared with the vector-transfected counterparts (data not
shown); conversely, in cancer cells, a significantly elevated
iron uptake in MtFt-expressing cells was seen (30). These
observations may indicate that neuronal cells have tightly
controlled iron-uptake mechanism, whereas cancer cells can
acquire much more iron for their fast proliferation.

To explore further other iron-transport mechanisms, DMT1
isoforms with iron-responsive elements (+IRE) and without
iron-responsive elements (-IRE) and ferroportin expression
were measured with Western blotting. Expression of ferro-
portin, the sole known iron exporter, was decreased slightly in
both MtFt expression (Fig. 5Ci, lane 1 vs. 3) and 6-OHDA
treatment (Fig. 5Ci, lane 1 vs. 2 and lane 3 vs. 4), indicating
that iron release in those cells may be reduced. MtFt expres-
sion slightly increased DMT1 (+IRE) levels (Fig. 5Ci, lane 1 vs.
3). Interestingly, DMT1 (+IRE) levels were significantly de-
creased in the Vector-SY5Y cells (Fig. 5Ci, lane 1 vs. 2), but
much less decrease was noted in the MtFt-SY5Y cells (Fig. 5Ci,
lane 3 vs. 4) under the treatment of 6-OHDA. Furthermore,
DMT1 (+IRE) levels were significantly higher in MtFt-SY5Y
cells than in Vector-SH5Y cells under the treatment of 6-
OHDA (Fig. 5Ci, lane 2 vs. 4). MtFt expression and 6-OHDA
treatment did not affect non-IRE forms of DMT1 expression.
Taken together, these results reveal that an increase in LIP in
the Vector-SY5Y cells under the treatment of 6-OHDA is most
likely not due to the increases in the iron uptake by TfR or
DMT1, as both of these protein levels declined. The decreases
in the iron exporter, ferroportin, may indicate that less iron is

<

FIG. 4. Overexpression of MtFt attenuates 6-OHDA-induced decreases in mitochondrial membrane potential (A), mi-
tochondrial complex I activity (B), the release of cytochrome C from mitochondria (C, D), and effects on Bcl-2, Bax, and
caspase-3 expression (E, F). The cells were treated with or without 100 uM 6-OHDA for 24h, and the mitochondrial
membrane potential was detected by the fluorescence of rhodamine 123 (A); complex I activity was measured as described in
Materials and Methods (B), and cytochrome ¢ was tested with Western blotting in the cytosolic fraction (C) and cell
cytochrome ¢ immunofluorescence in the cells (D). (a) SH-SY5Y; (b) Vector-SY5Y; (c) MtFt-SY5Y; (d) SH-SY5Y + 6-OHDA; (e)
Vector-SY5Y + 6-OHDA; (f) MtFt-SY5Y + 6-OHDA. The cells were treated with or without 100 uM 6-OHDA for 24h, and
aliquots of total cell extracts were analyzed by Western blotting by using anti-Bcl-2, Bax, and f-actin (Ei) and cleaved and pro-
caspase-3 (Fi). The ratios of Bcl-2 /Bax (Eii) and cleaved and pro-caspase-3 (Fii) are shown for quantitative measurement. Data
are expressed as mean=+SD, n=3 (*p < 0.01 vs. control cells; *p < 0.05 vs. control cells; #p < 0.01 vs. the 6-OHDA-treated
control cells; #p < 0.05 vs. 6-OHDA-treated control cells). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www liebertonline.com/ars).
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released under 6-OHDA treatment and MtFt expression. The The present results also show that the expression of MtFt
increased iron levels in LIP are most likely due to redistribu-  only slightly decreased LIP levels, but dramatically inhibited
tion of intracellular stored and/or functional iron from vari- the elevation of LIP levels in cells treated with 6-OHDA,
ous sources, such as ferritins and other iron-containing presumably because of inhibiting iron redistribution from
molecules (29). mitochondria to other cellular compartments.
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The effects of SIH on the cell viability
under 6-OHDA treatment

Further to confirm that the observed neuroprotection in
MtFt-SH5Y cells was due to the iron-mediated mechanism, a
well-studied hydrophobic iron chelator, SIH, was used to
investigate the neuroprotective roles in vector-transfected
SH-SY5Y cells under treatment with 6-OHDA. 6-OHDA
treatment led to a 60% decrease in cell viability. Pretreatment
with the chelator significantly prevented 6-OHDA-induced
loss of cell viability (60% vs. 40% cell viability; Figure 5D).
The chelator treatment itself, at the current experimental
concentration, also led to 40% decrease in cell viability,
which reflects mainly the antiproliferation role of iron che-
lator SIH in limiting the iron availability for cell proliferation
(36, 47, 49).

Discussion

Iron is an absolute requirement for virtually every cell,
especially those of the central nervous system, which require

<

high metabolic activity and oxygen consumption. Con-
versely, iron can also donate and accept electrons for the
generation of ROS and can participate in the production of
hydroxyl radicals through the Fenton reaction (13). Im-
balance of brain iron homeostasis is considered an important
contributing factor to neurotoxicity in several neurodegen-
erative disorders, including PD (35, 51). Accumulated evi-
dence suggests that iron dysregulation is causative, involved
in neurodegeneration, as a number of disorders of the central
nervous system exhibit aberrant iron metabolism in various
brain regions, as in neuroferritinopathy and Friedreich
ataxia, which are associated with gene defects that encode
proteins that are involved in iron storage and mitochondrial
iron homeostasis (35, 51).

Ferritins are at the crossroads of iron and oxygen metabo-
lism and have been found to protect cells significantly against
oxidative stress induced by a variety of sources (3,7, 14, 24, 32,
46). In neuronal cells, elevated ferritin expression has been
shown to exert significantly neuroprotective roles in MPTP-
induced experimental PD models (24). Therefore, it appears

FIG. 5. Iron homeostasis changes. (A)The Effects of 6-OHDA treatment on intracellular labile iron pool levels. The cells
were treated with or without 100 uM 6-OHDA for 24 h. LIP was detected with the calcein-AM assay. The effects of MtFt on
the expression of ferritin, TfR, DMT1 (+IRE), DMT1 (-IRE), and ferroportinl are shown (B, C). The cells were treated with or
without 100 uM 6-OHDA for 24 h, and aliquots of total cell extracts were analyzed with Western blotting by using anti-ferritin
and anti-TfR (Bi), anti-DMT1(+IRE), anti-DMT1(-IRE), and anti-ferroportinl (Ci). The ratios of ferritin/actin, TfR/actin (Bii),
and DMT1 and ferroportin (Cii) are shown for quantitative measurement. Data are expressed as mean & SD, n=3. Data are
expressed mean +SD, n=3. *p <0.01 vs. the control cells; "p < 0.01 vs. the MtFt-SY5Y cells. Iron chelator SIH partially
prevents 6-OHDA-induced decrease in cell viability (D). The cells were pretreated with or without 100 uM SIH for 6h,
followed by 100 uM 6-OHDA treatment for 24 h. Cell viability was detected with the MTT assay. Data are expressed as
mean+SD, n=8 (*p<0.01 vs. control cells; *p <0.05 vs. control cells; #p <0.01 vs. the 6-OHDA-treated control cells;
*p <0.05 vs. 6-OHDA-treated control cells).
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that neuronal cell survival is closely dependent on the cellular
levels of ferritin. MtFt is a newly identified H-ferritin-like
protein expressed only in mitochondria (26). The fact that the
protein was identified in testis, heart, brain, spinal cord, kid-
ney, and pancreatic islets of Langerhans but not in liver and
splenocytes under physiologic conditions indicates that the
major role of MtFt may be to protect mitochondria from iron-
dependent oxidative damage in cells characterized by high
metabolic activity and oxygen consumption (38). MtFt ex-
pression also prevented, at least in part, oxidative stress—
induced damage of frataxin-defective yeast and HeLa cells
(6, 7). However, no reports are available on its roles in the
nervous system.

In the current study, MtFt was shown to have a specific
expression pattern in different brain regions, and its levels
altered on iron-metabolism dysregulation in Ireb2~/~ mice.
Our results showed a prominent downregulation of MtFt in
the cerebellum and but not in the striatum of Ireb2~/~ mice,
which produced iron accumulation in the brain and de-
veloped progressive PD-like neurodegeneration. In the
cerebellum of Ireb2™/~ mice, severe Purkinje cell loss and
ultrastructural evidence of degeneration were detected in
many of the remaining Purkinje cells. Abnormal elevation
of cytosolic ferritin colocalizing with iron accumulations in
populations of neurons that degenerate is the most striking
feature in these mice: both L- and H-ferritin significantly
increased in cerebellum and striatum in the Ireb2”/" mice
compared with the wild-type animals (25, 39). Therefore, it
was tempting to speculate that the altered expression of
MtFt may associate with the neurodegeneration in the
cerebellum of Ireb2”/~mice, which have a profound dysre-
gulation of neuronal iron metabolism that may be poten-
tially important in pathophysiologic events, such as in PD.
To elucidate the relation of MtFt expression and neuronal
cell death observed in IRP2-knockout mice and an experi-
mental PD model induced by neurotoxin 6-OHDA, we
studied the roles of MtFt on iron metabolism and cell
susceptibility to the neurotoxin in dopaminergic neuro-
blastoma SH-SY5Y cells.

To assess how MtFt overexpression affects the response of
cells to 6-OHDA, stable expression of MtFt in SH-SY5Y cells
was established to elucidate the roles of MtFt expression in
the neuroblastoma cells subjected to oxidative stress. We
demonstrate here that overexpression of MtFt significantly
protected SH-SY5Y cells against 6-OHDA-induced and ox-
idative stress—-mediated apoptosis (Figs. 2—4). It has been
reported that the autooxidation and enzymatic oxidation of
dopamine lead to the generation of ROS, which is specu-
lated to be one of the contributing factors of PD pathogen-
esis (5, 41). Our study shows that the neuroprotective effects
of MtFt are dependent on ROS-mediated pathways. MtFt
expression diminishes overproduction of ROS and lipid
peroxidation and represses the loss of MMP (Figs. 2—4). ROS
also are generated from the dysfunction of the mitochon-
drial respiratory chain, such as inhibition of complex I ac-
tivity (21). Our results showed that MtFt expression protects
against the loss of complex I activity and mitochondrial
protein cytochrome c release from the organelle. Taken to-
gether, these observations demonstrate that regulating mi-
tochondrial iron availability by the expression of MtFt is a
powerful way to diminish oxidative stress—mediated cell
damage.

SHI ET AL.

Bcl-2 and Bax play important roles in the oxidative stress—
mediated neuronal cell apoptosis (28, 33). It was reported that
Bcl-2 protected neurons against oxidant stress and apoptosis
in PD (45). Bcl-2 also maintained the mitochondrial integrity
by blocking the release of apoptogenic factors such as cyto-
chrome ¢ from mitochondria into cytoplasm. Our results
showed that MtFt can increase the Bcl-2 levels and prevent
caspase-3 activation and, as a result, promote cell survival
(Fig. 4E and F).

It is still controversial whether iron is a causal factor in PD or
a consequence of neuronal degeneration (1, 4, 43). Our current
study, to the best of our knowledge, is the first to demonstrate
the potential correlation between ferritin expressed in mito-
chondria and neuroprotective effects. MtFt expression in do-
paminergic neuroblastoma cells can markedly regulate
intracellular iron metabolism. As shown in Fig. 5B and C, MtFt
expression induced an iron-deficiency phenotype in the cells,
and this iron depletion significantly abrogated 6-OHDA-
induced increases in the LIP levels. Western blotting of iron
protein expression further demonstrated that the increased LIP
under the treatment of 6-OHDA was not due to increased iron
uptake or decreased iron release, as TfR, DMT1 (+IRE), and
ferroportin levels decreased on 6-OHDA treatment. Instead,
intracellular iron redistribution may account for the increased
levels of LIP, especially iron released from cytosolic ferritins
(29). 6-OHDA has been reported to be able to release iron from
ferritin storage (22, 41), and the released iron may catalyze a
Fenton reaction; consequently, damage of mitochondria and
induction of cell death occur.

To determine the involvement of iron in mediating cell
damage by 6-OHDA, we investigated the relation between
the iron chelator SIH and the prevention of cell damage. It has
been shown that SIH also significantly prevented 6-OHDA-
induced cell damage (Fig. 5D), which is consistent with our
previous observations that DFO and SIH could prevent tert-
butyl hydroperoxide-mediated cell damage (29).

Although previous studies have shown that MtFt over-
expression markedly affects intracellular iron homeostasis
and restores defects caused by frataxin deficiency (6, 7, 50), the
physiologic function of MtFt is still elusive. The current study
demonstrates a close relation between MtFt expression and
prevention of neuronal cell degeneration in both IRP2
knockout mice and 6-OHDA-induced SH-SY5Y cells. The
schematic representation of the proposed mechanism delin-
eated in this study has been summarized in Fig. 6. More im-
portant, MtFt significantly protects 6-OHDA-induced
neuroblastoma cell damage through redox signal pathways,
which are coordinately regulated by intracellular iron levels.
Moreover, the current study also suggests that chelation of
mitochondrial iron may be a feasible way to prevent neuro-
toxicity, as mitochondria play essential role in oxidative
stress—-mediated cell damage. Because no IRE structure exists
in the MtFt gene, the expression of MtFt may not be regulated
by the IRE/IRP system, as seen in cytosolic ferritin and TfR.
Further study should focus on the mechanism of regulation of
MtFt expression in neuronal cells.

In summary, the current study for the first time demon-
strates the role of MtFt in neuroprotection. Appropriate reg-
ulation of MtFt expression may prevent the damage to
neuronal cells induced by neurotoxin and in the pathologic
conditions observed in patients with PD. Mitochondrial iron
chelation provides a new neuroprotective strategy for PD.
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