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a b s t r a c t

Abundant evidence indicates that iron accumulation, oxidative damage and mitochondrial dysfunction
are common features of Huntington's disease, Parkinson's disease, Friedreich's ataxia and a group of
disorders known as Neurodegeneration with Brain Iron Accumulation. In this study, we evaluated the
effectiveness of two novel 8-OH-quinoline-based iron chelators, Q1 and Q4, to decrease mitochondrial
iron accumulation and oxidative damage in cellular and animal models of PD. We found that at sub-
micromolar concentrations, Q1 selectively decreased the mitochondrial iron pool and was extremely
effective in protecting against rotenone-induced oxidative damage and death. Q4, in turn, preferentially
chelated the cytoplasmic iron pool and presented a decreased capacity to protect against rotenone-
induced oxidative damage and death. Oral administration of Q1 to mice protected substantia nigra
pars compacta neurons against oxidative damage and MPTP-induced death. Taken together, our results
support the concept that oral administration of Q1 is a promising therapeutic strategy for the treatment
of NBIA.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Iron is highly redox-active, and its overload seems to be a critical
event in the pathology of several neurodegenerative disorders that
includes Huntington's disease, Parkinson's disease (PD) and a group
of less characterized disorders known as Neurodegeneration with
Brain Iron Accumulation (NBIA) [1e4].

Magnetic resonance imaging and ultrasound studies demon-
strated iron accumulation in the substantia nigra pars compacta
(SNpc) of PD patients [5e10], specifically in dying dopaminergic
neurons and associated microglia [11]. Furthermore, an increase in
the Fe3þ/Fe2þ ratio was observed in PD subjects [5,8]. Iron accu-
mulation in the SNpc of PD patients has been replicated in animal
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models of PD, as shown in treatments with inhibitors of mito-
chondrial complex I 6-OHDA, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), rotenone and the proteasomal activity
inhibitor lactacystin [9,10,12e15]. Accordingly, iron chelation has
been proposed as a new promising alternative for PD treatment
[16e20] with the caveat that iron is an essential element for normal
neurological function [21,22]. Hence, iron chelation must be care-
fully controlled to prevent toxicity and side effects and new che-
lators with enhanced cell selectivity and metal affinity may have
the ability to reduce secondary effects in a putative iron chelation
therapy.

Recently, new iron chelators based on 8-hydroxyquinoline (8-
HQ) have been developed. The ancient and antiprotozoal drug
clioquinol (vioform, 5-chloro-7-iodo-8-hydroxyquinoline) was
shown to prevent MPTP-induced neurotoxicity in mice and
reversed themotor deficits in tau KOmice [23,24], and bloodebrain
barrier-permeable chelators VK28 and M30 prevented the neuro-
toxicity induced by 6-OHDA and MPTP [25e27]. In addition, orally
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given M30 prevented the loss of tyrosine hydroxylase (TH)-positive
neurons and attenuated iron accumulation and microglial activa-
tion in lactacystin-treated mice [10,28].

Using cellular and animal models of PD, in this study we char-
acterized the antioxidant and neuroprotective capacity of two new
8-HQ-based iron chelators, 5-((methylamino)methyl)-8-hydroxy
quinoline (Q1) and 5-(morpholinomethyl)-8-hydroxyquinoline
(Q4), and determined their sub-cellular locus of chelation activity.
2. Materials and methods

2.1. Animals

C57Bl/6 male mice were used. All experiments were performed
under a protocol approved by the Ethics Committee of the Faculty
of Sciences, Universidad de Chile and the Advisory Committee on
Bioethics of the Fondo Nacional de Desarrollo Científico y Tec-
nol�ogico (FONDECYT). Mice were housed under a 12-h light, 12-h
dark cycle, and were sacrificed using CO2 narcosis.
2.2. Cells and cell viability

Human neuroblastoma SH-SY5Y cells (CRL-2266, American
Type Culture Collection, Rockville, MD) were cultured in MEM-F12
medium supplemented with 10% FBS, non-essential amino acids,
antibioticeantimycotic mixture, and 20 mM HEPES buffer, pH 7.2.
The medium was replaced every two days. Cell viability was
assessed in 96-well microplates using an LDH release assay [29].
2.3. Antibodies

Antibodies and dilutions used in this study were rabbit anti-TH
antibody T8700, SigmaeAldrich (1:1,000); mousemonoclonal anti-
4-HNE J-2, Abcam (1:500 for cells, 1:200 for tissue); and anti-8-
hydroxy-20-deoxiguanosine (8-OHdG) mouse monoclonal anti-
body 15A3 from Santa Cruz Biotechnology (1:200).
2.4. Measurement of cytosolic and mitochondrial labile iron pools

The cytoplasmic and mitochondrial labile or reactive iron pools
were determined as described [30,31]. Briefly, cells were loaded for
20 min at 37 �C with 0.5 mM of the cytosolic iron chelator calcein-
AM (Molecular Probes-Invitrogen, Eugene, OR) or the mitochon-
drial iron chelator rhodamine B-[(1,10-phenanthrolin-5-yl)amino-
carbonyl]benzyl ester (RPA) [31]. After washing, the cells were
placed in a fluorescence microplate reader and the basal calcein
(excitation 488 nm; l emission 517 nm) or RPA (excitation 543 nm;
emission 585 nm) fluorescence was determined for 3 min. Chela-
tors Q1or Q4 (0.25 mM)were added and the increase in fluorescence
was recorded for 5 min. Both calcein and RPA decrease their fluo-
rescence when bound to iron. The increase in fluorescence upon
addition of chelators is directly proportional to the cytoplasmic
(calcein) or mitochondria (RPA) labile iron pools [30e32].
2.5. Mitochondrial superoxide production

To assess mitochondrial superoxide production, cells were
incubated for 10 min at 37 �C with 5 mM of the mitochondrial su-
peroxide indicator MitoSOX red (Invitrogen, Catalogue Number
M36008). Changes in MitoSOX red fluorescence (Ex. 510 nm/
Em.580 nm) was evaluated in a microplate reader following man-
ufacturer's instructions.
2.6. DNA oxidation

Oxidative damage to DNA was assessed with monoclonal anti-
body 15A3, which recognizes 8-hydroxy-20-deoxyguanosine (8-
OHdG), a highly specific product of DNA damage. The antibody
was developed with the peroxidase-based Vectastain ABC kit
(Vector Labs., Burlingame, CA). No peroxidase reaction product was
observed if the primary antibodies were omitted or if it they were
replaced by non-immune serum.

2.7. Immunohistochemistry

Immunohistochemistry was performed as described [33].
Briefly, mice brains were fixed by transcardiac perfusion of 4%
paraformaldehyde in PBS, dissected, and post-fixed for 24 h in the
samemedium. Slices of 20 mm thickness were obtained in a cryostat
as described [34]. Free-floating sections were permeabilized,
blocked for nonspecific binding sites and incubated with a primary
antibody. Immunolabeling was visualized using Alexa-488 or
Alexa-532 conjugated secondary antibodies. For detection of the
SNpc, the slice with the highest tyrosine hydroxylase (TH) labeling
intensity was selected as representative.

2.8. Quantification of dopaminergic neurons of the SNpc

Total numbers of TH-positive cells were calculated using unbi-
ased stereological methods with Explora Nova software.

2.9. Statistics

The data presented are representative of at least three inde-
pendent experiments. A one-way ANOVA was used to test for sig-
nificant differences among mean values and Turkey's post hoc test
was used for comparisons (InStat, GraphPad Software, San Diego,
CA). Differences were considered significant if P < 0.05.

3. Results

3.1. Synthesis of Q1 and Q4

The preparation of Q1 and Q4 is outlined in Supplemental
Figure 1. 8-Hydroxyquinoline was converted to 5-chloromethyl-8-
quinolinol hydrochloride (1) according to standard methods [35],
by treating with hydrochloric acid and formaldehyde. The reaction
of 5-chloromethyl-8-quinolinol either with methylamine or mor-
pholine yielded the target compounds Q1 and Q4, respectively.

3.2. Assessment of the capacity of Q1 and Q4 to chelate cytosolic
and mitochondrial iron pools

To evaluate the capacity of Q1 and Q4 to chelate iron in cytosolic
and mitochondrial compartments, SH-SY5Y cells were loaded with
the fluorescent iron sensors calcein or RPA. Calcein is a probewith a
preferential cytoplasmic destination [30], whereas RPA is a probe
with mitochondrial localization [31]. The fluorescence of both
probes is quenched upon iron binding. After calcein or RPA loading,
the cells were challenged with Q1 or Q4 and the changes in fluo-
rescence were determined. The increase in fluorescence indicates
the ability of the compounds to chelate either cytoplasmic iron
(calcein fluorescence) or mitochondrial iron (RPA fluorescence).
Fig. 1A shows that after RPA loading, the addition of 0.25 mM Q1
produced an increase in RPA fluorescence. When the cells were
loaded with calcein, only a minor change in calcein fluorescence
was observed (Fig. 1B). In contrast, Q4 did not change the intensity
of RPA fluorescence in RPA-loaded cells (Fig. 1A). Instead, we



Fig. 1. Capacity of Q1 and Q4 to chelate mitochondrial and cytoplasmic iron. SH-SY5Y
cells were loaded with the mitochondrial iron sensor RPA (A) or the cytoplasmic iron
sensor calcein (B), after which the cells were challenged with 0.25 mM Q1 or Q4.
Chelation activity in mitochondria is evidenced by an increase in RPA fluorescence,
while chelation activity in the cytoplasm is evidenced by an increase in calcein fluo-
rescence. The control condition corresponds to cells loaded with RPA or calcein but
without chelator post-treatment. Left panels in A and B show representative tracings of
RPA (A) and calcein (B) fluorescence upon the addition of Q1 or Q4. Right panels show
the quantification of the changes in fluorescence (mean ± SEM) after addition of
chelators. C) SH-SY5Y cells were incubated for 24 h in medium containing 5 mM
rotenone with or without 0.25 mM Q1 or Q4. The cells were then loaded with RPA and
the basal fluorescence (F0) was measured, after which, 5 mM deferiprone was added
and the change in fluorescence (F) was determined. Shown is the change in fluores-
cence (mean ± SEM), expressed as F/F0, as a function of treatment. *P < 0.05, **P < 0.01.

Fig. 2. Q1 protects SH-SY5Y cells from rotenone-induced cell death. SH-SY5Y cells
were incubated for 24 h with 5 mM rotenone with or without 0.25 mM of Q1 or Q4. Cell
viability was measured by LDH activity in the culture medium. The control of 100%
viability was LDH activity in the culture medium of cells without rotenone treatment.
Shown are means ± SEM. N ¼ 3 independent determinations, (*P < 0.05; **P < 0.01).
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observed that Q4 addition resulted in a significant increase in the
calcein fluorescence of calcein-loaded cells (Fig. 1B).

To further evaluate the capacity of Q1 and Q4 to chelate iron
from mitochondria, RPA-loaded cells were treated with either
rotenone or with rotenone plus Q1 or Q4. Previous work from our
laboratory showed that 5 mM rotenone produces an increase in
mitochondrial labile iron pool levels (Mena et al., unpublished;
Fig. 1C). The permeant iron chelator deferiprone was used to de-
quench RPA. We observed that rotenone treatment resulted in an
increase in RPA fluorescence upon de-quenching, while the co-
incubation of rotenone with Q1 resulted in no change in de-
quenched RPA, as compared to the control (Fig. 1C). Q4 was un-
able to reverse the rotenone effect. These results strongly suggest
that Q1 is an effective mitochondrial iron chelator and that it
suppresses the increase in the mitochondrial labile iron pool
induced by rotenone.

3.3. Q1 protects SH-SY5Y cells from death induced by rotenone

We then evaluated the capacity of Q1 and Q4 to protect SH-SY5Y
cells from rotenone-induced cell death as determined by LDH
released to the culture medium (Fig. 2). Co-incubation of rotenone
with Q1 largely blocked the deleterious effect of rotenone on cell
viability. Q4 also reduced rotenone toxicity but this reduction did
not reach a statistically significant level.

3.4. Q1 and Q4 protect SH-SY5Y cells from oxidative damage

Inhibition of complex I results in increased superoxide radical
production by mitochondria [36] with the consequent oxidative
damage to lipids, proteins and nucleic acid. We evaluated the pu-
tative effects of Q1 and Q4 onmitochondrial superoxide production
induced by rotenone (Fig. 3A). The increased mitochondrial su-
peroxide production resulting from rotenone treatment was
blocked when cells were co-incubated with either Q1 or Q4.
Oxidative damage was also evaluated determining the effect of Q1
and Q4 on lipid peroxidation and protein modification, determined
by the formation of 4-HNE adducts (Fig. 3B). Q1 and Q4were highly
effective in preventing the formation of 4-HNE adducts induced by
rotenone. Therefore, sub-micromolar concentrations of Q1 or Q4
are extremely effective in protecting cells against oxidative damage
derived from complex I inhibition.

3.5. Q1 protects dopaminergic neurons from cell death and
oxidative stress in MPTP intoxicated mice

We tested whether oral dosages of Q1 protect SNpc neurons
from MPTP-induced death (Fig. 4A). Three-month-old mice were
given one oral dose of Q1 (2.5 mg/kg) per day for two days prior to
MPTP intoxication. Subsequently, on day three, the mice were
subjected to acute intoxicationwith MPTP followed by oral doses of
Q1 from days four to seven. At day eight, the animals were



Fig. 3. Q1 protects SH-SY5Y cells from rotenone-induced oxidative damage. SH-SY5Y
cells grown in 24-well plates were incubated for 24 h with 5 mM rotenone with or
without 0.25 mM Q1 or Q4. (A) Protein oxidation determined by the formation of 4-
HNE adducts. Left panel shows representative images upon treatment with rotenone
and rotenone plus Q1 or Q4. Right panel show quantification of 4-HNE immunode-
tection in 40e55 individual cells per experimental condition. Values are mean ± SEM.
Scale bar ¼ 25 mm (B) Nucleic acid modification detected by the formation of 8-OHdG.
Left panel shows representative images upon treatment with rotenone a rotenone plus
Q1 or Q4. Right panel show quantification of 4-HNE immunodetection in 40e55 in-
dividual cells per experimental condition. Values are mean ± SEM of a typical exper-
iment. **P < 0.01. Scale bar ¼ 25 mm. (C) Changes in MitoSOX Red fluorescence
evaluated in a microplate reader. Shown are mean ± SEM. N ¼ 3 independent de-
terminations. *P < 0.05 compared to rotenone.

Fig. 4. Q1 protects dopaminergic neurons in MPTP intoxicated mice. (A) Mice (five per
group) were treated on days one and two with oral doses (2.5 mg/kg) of Q1. On day
three, the mice were intoxicated with MPTP (four doses separated by two hours, acute
protocol). Subsequently, on days four, five, six and seven, the mice were again treated
with oral doses (2.5 mg/kg) of Q1. The animals were sacrificed on day eight and the
substantia nigra was analyzed using immunohistochemistry for TH. Scale bar: 100 mm.
Right panel shows quantification of the dopaminergic neurons of the SNpc. *P < 0.05
compared to the MPTP condition. Values represent mean ± SEM of one of two similar
experiments. *P < 0.05 compared to the MPTP condition. (B) Mice were treated with
MPTP and Q1, as described above. The animals were sacrificed on day eight and the
sustantia nigra was analyzed using immunohistochemistry for TH (green) and the HNE
adducts (red), Scale bar: 20 mm.
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sacrificed and the number of THþ neurons was analyzed using
immunohistochemistry. After MPTP intoxication, THþ neurons of
SNpc were significantly decreased compared to the control
(P < 0.05; Fig. 4A). Conversely, when mice were treated with MPTP
plus Q1, no TH þ neuronal loss was apparent. Additionally, to
determine possible protection by Q1 against oxidative damage, the
formation of HNE adducts was evaluated in control, as well as in
Q1-treated, MPTP-treated and Q1þMPTP-treated mice (Fig. 4B).
MPTP treatment resulted in a marked increase in the HNE adducts
in SNpc TH þ neurons, whereas Q1þMPTP-treated mice showed a
markedly decreased HNE immunostaining compared with MPTP-
treated mice (P < 0.05).

4. Discussion

Several chronic neurodegenerative disorders, such as PD, Alz-
heimer's disease, multiple sclerosis, Amyotrophic lateral sclerosis,
and Friedreich's ataxia, display increased brain iron levels [37e41].
Iron is defined as a “double-edged sword” since it is an essential
nutrient while also being a highly reactive and potentially toxic
element. Redox-active iron is a key player in the pathogenesis of
PD, and therefore, iron chelators are potential therapeutic agents
for the treatment of the disease [42e44]. In this study, we evaluated
the capacity of two new 8-HQ-derivated iron chelators, Q1 and Q4,
to selectively chelate mitochondrial and cytoplasmic iron pools,
and to protect against oxidative damage and cell death induced by
complex I inhibition. We also tested the effectiveness of oral doses
of Q1 to protect SNpc neurons in MPTP-intoxicated mice.

The synthesis of the most abundant iron-containing prosthetic
groups, heme and ironesulfur clusters, takes place in the mito-
chondrion, and hence, significant amounts of iron enter this
organelle [45,46]. Additionally, mitochondria are the principal
source of reactive oxygen species generation, derived from electron
leak originating in the electron transport chain [47]. The co-
existence of both ROS and iron in a confined space makes this
organelle particularly prone to oxidative damage and therefore
susceptible to dysfunction. Accordingly, chelators that preferably
chelate mitochondrial iron should be more effective in reducing
iron-induced oxidative damage to mitochondria. We found that
sub-micromolar concentrations of Q1 selectively chelated the
mitochondrial labile iron pool of SHSY-5Y cells, while Q4 did not.



N.P. Mena et al. / Biochemical and Biophysical Research Communications 463 (2015) 787e792 791
Consistent with this finding, upon rotenone treatment, Q1 exhibi-
ted higher efficiency than did Q4 in suppressing the increase of
mitochondrial superoxide production. Both Q1 and Q4 were
effective in suppressing the formation of 4-HNE-protein and of 8-
OHdG adducts. Taken together, the data strongly suggest that
chelation of mitochondrial or cytoplasmic iron by sub-micromolar
concentrations of Q1 or Q4 reduce rotenone-induced oxidative
stress and oxidative damage to lipids, proteins and DNA.

Additionally, we found that low oral doses of Q1 (2.5 mg/kg
body weight) prevented SNpc neuronal death in MPTP-intoxicated
mice. This suggests that Q1 is a resilient molecule that crosses both
the intestinal epithelium and bloodebrain barriers, preserving its
chelating activity.

The high mitochondrial iron chelating capacity of Q1 compared
with Q4 can be tentatively ascribed to the different substitutions at
C5 of the quinoline ring: Q1 bears a methylaminomethyl group
while Q4 has a morpholinomethyl moiety. Arguably, the methyl-
aminomethyl group confers on Q1 its mitochondrial targeting ca-
pacity, while the morpholinomethyl group targets Q4 to the
cytoplasm. Further studies are needed to unequivocally demon-
strate the mitochondrial destination of Q1 and the role of the
methylaminomethyl group in this process.

In summary, this study describes the properties of Q1 and Q4,
two new 8-hydroxyquinoline derivatives with iron chelating ca-
pacity. Q1, with a methylaminomethyl substitution at C5, chelates
mitochondrial iron, protecting dopaminergic cells from rotenone-
induced mitochondrial oxidative stress and oxidative damage. Q4,
a cytoplasmic targeted chelator was also effective in protecting cells
against rotenone-induced oxidative damage. Administered to mice,
Q1 probably crosses the intestinal epithelium and bloodebrain
barriers, protecting dopaminergic neurons against MPTP-induced
death.
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