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Abstract Iron overload plays a key role in brain injury after
intracerebral hemorrhage (ICH). We explored the roles of fer-
ric iron chelator—deferiprone (DFP)—and ferrous iron chela-
tor—clioquinol (CQ)—in ICH rats through the outcomes, iron
deposits, reactive oxygen species (ROS), brain water content,
and related iron transporters. One hundred eight Sprague-
Dawley rats received intra-striatal infusions of 0.5 U of type
IV collagenase to establish ICH models. The rats were ran-
domly assigned to the sham, vehicle, DFP, and CQ groups.
We evaluated the outcomes, iron levels, brain water content,
and ROS; meanwhile, immunohistochemistry and real-time
quantitative polymerase chain reaction (RT-gPCR) were uti-
lized to determine ferritin, transferrin, transferrin receptor, di-
valent metal transport 1 (DMT1), and ferroportin at 48 and
72 h, 7 and 14 days after surgery. Our results showed ICH
induced iron overload, brain edema, ROS formation, and neu-
rological deficits. Both iron chelators decreased iron levels;
CQ improved the neurological outcome, attenuated brain ede-
ma, and ROS production. DFP reduced iron contents but not
brain water content and ROS generation. DFP failed to im-
prove the outcome. ICH initiated endogenous iron chelators
and transporters, both exogenous iron chelators enhanced ex-
pression of transferrin and transferrin receptor. CQ enhanced
expression of ferroportin but not DMT1, while DFP enhanced
expression of DMT1 but not ferroportin. Ferrous iron contrib-
uted to brain injury, and binding ferrous iron can modestly
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improve outcome after ICH in rats. The exogenous ferrous
iron chelator possibly functioned via endogenous ferrous iron
transporters on ICH. Therefore, ferrous iron may be a prom-
ising target for ICH in future.

Keywords Intracerebral hemorrhage - Secondary brain
injury - Iron deposit - Deferiprone - Clioquinol - Iron
transporters

Introduction

Spontaneous intracerebral hemorrhage (ICH) is a common
and fatal stroke subtype. Brain injury induced by ICH initially
occurs within the first few hours as a result of mass effect due
to hematoma formation. However, many patients continue to
deteriorate clinically despite no signs of rebleeding or hema-
toma expansion. This continued insult after primary hemor-
rhage is believed to be mediated by the cytotoxic, excitotoxic,
oxidative, and inflammatory effects of intraparenchymal
blood [1]. Blood lysis starts at 24 h and continues for the next
several days, leading to the release of cytotoxic hemoglobin
(Hb) with further deterioration of the pathological status quo
[2]. Tron, a major hemoglobin degradation product which ac-
cumulates in the brain parenchyma for months, has a detri-
mental effect in secondary injury [3—7]. Iron plays a key role
in edema formation and cell death after ICH [5, 8].
Prominently, the mechanism of iron toxicity includes generat-
ing free radicals (mainly through Fenton-type mechanism)
and directly compromising the neighboring brain cells.
Reactive oxygen species (ROS) can directly or indirectly dam-
age all biomolecules, including proteins, lipids, deoxyribonu-
cleic acid (DNA), and carbohydrates [9]. So after ICH, the
endogenous pathway for iron chelation and trafficking initiat-
ed to remove iron then reduce more damage in the brain.
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Therefore, finding means of controlling absorption of iron and
facilitating iron clearance may have important clinical impli-
cations. Therefore, exogenous iron chelation therapy seems to
be a logical approach to remove toxic levels of iron.
Deferoxamine, a ferric iron chelator, which is the most popu-
lar treatment in experimental intervention strategy in ICH, has
been shown to mitigate iron-mediated damage [3, 4].
Unfortunately, recent data showed that deferoxamine can re-
duce the iron contents in the brain, but could not attenuate
injury and improve neurological outcome [10, 11].
Deferiprone, another ferric iron chelator, because of its easy
taking, stability, lipophilicity, high tissue penetration, and
clearance of the iron complex, can be used as a potent phar-
maceutical alternative therapy, especially in conditions when
other treatments failed [12, 13]. Clioquinol, a ferrous iron
chelator, is also known as metal-protein-attenuating com-
pounds. The lipophilic nature of clioquinol allows for its ef-
fective use at lower concentrations [14].

In the experiment, we used deferiprone and clioquinol to
intervene with ICH, observe the outcomes, iron levels, reac-
tive oxygen species content, and iron transporters following
ICH in rats, and compare the roles of deferiprone to clioquinol
in ICH.

Materials and Methods
Animals

One hundred eight Sprague-Dawley male rats (250-300 g,
12 weeks old; obtained from the Animal Experimental
Center and approved by the responsible Animal Care and
Use Committee of Shanxi Medical University) were used in
this study. Rats were given free access to food and water
throughout the study.

Experimental Groups and Tissue Preparation

There were four groups in the experiment. Group A: sham
group (n=24); group B: vehicle group (n=24); group C:
deferiprone (Apotex Inc, Canada) in low dosage
(125 mg/kg/day, n=24) and high dosage (200 mg/kg/day,
n=6) group (n=30); group D: clioquinol (Wuhan Hong
Xinkang Fine Chemical Engineering, China) in low dosage
(50 mg/kg/day, n=6) and high dosage (100 mg/kg/day, n=24)
group (n=30). Animals were randomly assigned to these
groups. All gavages were administered intragastrically 24 h
after ICH and twice a day until the euthanasia point.

When animals were sacrificed, the brains were removed
and sectioned coronally into half from the surgery point. The
half was continually sectioned into 3 mm slices and fixed with
4 % paraformaldehyde in 0.1 M phosphate buffer at 4 °C
overnight, then passed through a grade series of sucrose in

0.1 M phosphate buffer and paraffin embedded ready for slice
staining. The other coronary half brain was cut into right and
left sides, and then put into the nitrogen, stored in —80 °C for
brain water content, total iron content, ROS measurement, and
real-time quantitative polymerase chain reaction (RT-qPCR).

Intracerebral Hemorrhage and Intervention Modeling

The rats were anesthetized using chloral hydrate (300-
350 mg/kg intraperitoneally) and were placed in a stereotactic
head frame (Jiangwan Instrument, Shanghai). A 1-mm cranial
bur hole was then drilled on the right coronal suture 2.3 mm
lateral to the midline. Then, 2 ul of saline containing 0.5 U of
bacterial collagenase type IV (Sigma-Aldrich Co, USA) was
injected into the right striatum (coordinates: 0.5 mm anterior,
5.8 mm ventral, and 2.3 mm lateral to the bregma). The needle
was left in place for 15 min, and then slowly withdrawn.
Surgical control rats received 2 pl of saline only. The hole
was sealed with bone wax, and the skin incision was closed
using sutures.

The vehicles received 1 % carboxymethyl cellulose orally
(0.5 ml, twice a day) by gavage. Deferiprone and clioquinol
oral solution was made fresh before each gavage. Deferiprone
(dissolved in 0.5 ml saline according to administration dosage,
twice a day) and clioquinol (dissolved in 0.5 ml 1 %
carboxymethyl cellulose according to administration dosage,
twice a day) were administered at 24 h after ICH.

Behavioral Tests

Garcia scores were used to evaluate neurological deficits be-
fore rats were sacrificed at each time point [15]; the score
given to each rat at the completion of the evaluation is the
summation of all six individual test scores. Six items were
measured: spontaneous activity, symmetry of movements,
forepaw outstretching, climbing, body proprioception, and vi-
brissae touch. According to the degree of deficit, the animals
were scored from 0 to 3 in the first three items and 1 to 3 in the
last items. All behavioral tests were conducted by the same
investigator, who was blind to the experiment.

Measurement of Brain Water Content

Brain water content was measured via the wet-weight/dry-
weight method, as described previously [16]. Briefly, animals
were sacrificed by decapitation under deep pentobarbital an-
esthesia after the neurological behavioral scoring; brains were
quickly removed and divided into 4-mm thick sections. All
specimens obtained from ipsilateral basal ganglion were
weighed on an analytical microbalance (APX-60, Denver
Instrument, Bohemia, NY) immediately, as well as after dry-
ing (100 °C for 48 h). Brain water content was calculated as
percentage of (wet weight—dry weight)/wet weightx 100 [17].
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Iron Staining

Sections were stained with Perls’ Prussian blue to locate ferric
ion (Fe®") deposits. Briefly, sections were rinsed in distilled
water and immersed in Pearl’s solution (1 % potassium ferro-
cyanide and 1 % HCI (v/v)) for 20 min. Sections were then
rinsed with distilled water, and counter stained with nuclear-
fast red dyeing for 5 min [16].

Total Iron Contents in the Brain

One hundred-milligram of brain tissue around hematoma was
wet-digested with 4 mL concentrated nitric acid (HNO3) and
the residue brought to 4.0 mL with 0.1 m/L HNOj. Total brain
iron concentration (pg/g of tissue; wet weight) was measured
by flame atomic absorption spectrometry (TAS-990, Beijing
PUXI General Instrument, China) according to standard pro-
tocol [18].

ROS Contents

For analysis of ROS in brain tissues, the redox-sensitive fluo-
rescent probe dichloro-dihydro-fluorescein diacetate (DCFH-
DA) was used according to ROS assay kit (Beyotime, Inc.,
Shanghai, China). The brain homogenate was diluted 1:20 (v/
v) with ice-cold Locke’s buffer (154 mM NacCl, 5.6 mM KCI,
3.6 mM NaHCOs, 2.0 mM CaCl,, 10 mM D-glucose, and
5 mM HEPES, pH 7.4) to obtain a concentration of
10 mg tissue/ml. The reaction mixture (1 ml) containing
Locke’s buffer (pH 7.4), 0.2 ml homogenate, and 10 pl of
DCFH-DA (5 mM) was incubated for 30 min at room tem-
perature. Fluorescent intensity for the conversion of DCFH-
DA to fluorescent product DCF was analyzed at 485 nm ex-
citation and 535 nm emission using a fluorescence spectro-
photometer. ROS was quantified from a DCF standard curve
and data are expressed as picomole per minute per milligram
protein [19].

Immunohistochemical Analysis

Embedded brain tissue was cut into 4-pum thick sections.
Dewaxed and hydrated sections were treated with 3 % hydro-
gen peroxide in 100 mM phosphate-buffered saline (PBS),
and non-specific protein binding were blocked by incubation
with 10 % normal goat serum in PBS for 20 min at 37 °C.
Sections were incubated with the anti-ferritin (1:200), trans-
ferrin (Tf, 1:200), CD71 (transferrin receptor (TfR), 1:200),
and divalent metal transporter 1 (DMT1, 1:400); these prima-
ry antibodies were purchased from Wuhan Boster Biotech
Co., China; and anti-ferroportin (Fpn, 1:100; Bo Orson
Biotech Co., Beijing, China) at 4 °C overnight. Primary anti-
bodies were rinsed and reacted with biotinylated secondary
antibodies in PBS-blocking buffer at 37 °C for 20 min, and

@ Springer

visualized by SABC (SABC Elite kit; Wuhan Boster Biotech
Co., China) and DAB reagent (Beijing Zhongshan Jingiao
Biotech Co., China). Sections were mounted and the images
were analyzed with an Olympus BX51 microscope equipped
with a DP71 camera and DP-B software (Olympus Co.,
Japan). Immuno-positive cells were identified in the perihe-
matomal area, which was observed at the same location in all
specimens by one investigator who was blind to the grouping.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from brain tissues stored at —80 °C
by using TRIzol Reagent (Sigma-Aldrich, USA) in accor-
dance with the manufacturer’s instructions. Complementary
DNA was reverse transcribed by using a two-step RT-PCR
kit (Takara Bio, China). RT-qPCR analysis was performed
using ABI7300 System SDS RQ Study Software (Life
Technologies, USA) with the SYBR green RT-PCR Kit
(Takara Bio, China). A 20-uL total reaction mixture volume
was used in the PCR; this contained 8 pL of diluted comple-
mentary DNA reaction products, 10 uL of SYBR green PCR
Master Mix, and 2 puL of forward and reverse primers.
Reaction conditions were as follows: initial denaturation at
95 °C for 2 min, 40 cycles of denaturation at 95 °C for 30 s,
and annealing and elongation at 60 °C for 45 s. Reverse tran-
scription was performed in triplicate. To standardize ferritin,
T/TfR, DMT1, and Fpn mRNA concentration, transcript
levels of the housekeeping gene (3-actin were determined in
parallel for each sample. Final results were expressed as the
copy ratio of (3-actin transcripts. The amount of target was
calculated by the 2—AACt method [20].

Statistical Analysis

Statistical analysis was performed using SPSS 17.0 (SPSS,
Armonk, NY). Data were expressed as a mean=+standard di-
vision (SD). P value <0.05 was considered statistically signif-
icant. Results were compared among groups using a Dunnett’s
T3 multiple comparison test.

Results

Effect of Deferiprone and Clioquinol on Survival
of Animals

Administration of deferiprone at dose of 200 mg/kg [21] for
3-5 days caused significant mortality (n=6) in this study;
therefore, we choose deferiprone of 125 mg/kg for further
study. Clioquinol in high dosage was more effective in im-
proving neurological behavior and reducing brain water con-
tent, so we choose clioquinol of 100 mg/kg/day for further
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study. Neither ICH group nor clioquinol group caused signif-
icant mortality in this study.

Effect of Deferiprone and Clioquinol on ICH Induced
Neurological Deficits

At day 2, 3, and 7 after surgery, we observed significant
neurological deficits (Garcia scores) in all vehicle and
deferiprone-treated ICH rats, compared with sham group
(*p<0.05 vs. sham). Clioquinol ameliorated ICH-induced
neurological deficits at day 2, 3, and 7 after surgery
(*p<0.05 vs. vehicle and p<0.05 vs. deferiprone;
Fig. 1). A similar effect was not shown with deferiprone
in this study. At day 14 after surgery, we observed signif-
icant neurological recovery in all ICH animals (with or
without treatment).

Effect of Deferiprone and Clioquinol on ICH Induced
Brain Edema

At day 2 and 3 after surgery, brain water content was
enhanced in all vehicle and deferiprone-treated ICH rats,
compared with sham-operated animals (p<0.05 vs.
sham). Clioquinol reduced ICH-induced brain edema at
day 2 and 3 after surgery (*p<0.05 vs. vehicle
and p<0.05 vs. deferiprone; Fig. 1); at day 7 and 14 after

20

surgery, we observed brain edema attenuate in all ICH
animals (with or without treatment).

Effect of Deferiprone and Clioquinol on ROS Formation
After ICH

ROS production was prominently increased in ICH rats (with
or without treatment), compared with sham-operated animals
("p<0.05 vs. sham). Only clioquinol reduced ICH-induced
ROS production (¥*p<0.05 vs. vehicle and p<0.05 vs.
deferiprone; Fig. 1).

Effect of Deferiprone and Clioquinol on Iron Deposits
Following ICH

All ICH animals (with or without treatment) showed
markedly increased iron deposits, compared with sham-
operated animals ("p<0.05 vs. sham). Both deferiprone
and clioquinol decreased ICH-induced iron deposits
(*p<0.05 vs. vehicle; Fig. 2). Iron deposits reached a
peak at day 7 after ICH.

Effect of Deferiprone and Clioquinol on Ferritin
Expression After ICH

Ferritin was mainly expressed in cytoplasm of neuroglia
and neurons. As a form of iron stores, ferritin expression
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Fig. 2 Iron staining (blue spot) were shown around hematoma.
Comparison of the results from iron staining and brain iron contents at
different time point in four groups (sham, vehicle, deferiprone, and

was also enhanced after ICH (with or without treatment).
Similar to iron deposits, ferritin expression reached a pla-
teau at day 7, and both iron chelators could reduce ferritin
expression. Interestingly, clioquinol reduced more mRNA
of ferritin than deferiprone at day 3, 7, and 14 after sur-

gery (Fig. 3).
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Fig. 3 Ferritin immuno-positive cells (brown) were shown after
operation. It is mainly expressed in cytoplasm of neuroglia and
neurons. Comparison of the results from ferritin immunostaining and
RT-gPCR production in four groups (sham, vehicle, deferiprone, and
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Effect of Deferiprone and Clioquinol on Transferrin
Expression After ICH

Transferrin was mostly expressed in the cytoplasm of neuro-
glia, and a small amount expressed in neurons after [CH. The
data showed that transferrin was significantly increased in
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ICH (with or without treatment), compared with sham-
operated animals (“p<0.05 vs. sham). Both deferiprone and
clioquinol enhanced ICH-induced transferrin expression
(*p<0.05 vs. vehicle; Fig. 4). Transferrin reached a peak at
day 3 in mRNA level and at day 7 in immunohistochemistry
after ICH. Surprisingly, the results showed that clioquinol am-
plified transferrin expression at day 7 and 14 in immunobhis-
tochemistry and at day 3, 7, and 14 in mRNA, compared with
deferiprone treatment.

Effect of Deferiprone and Clioquinol on Transferrin
Receptor Expression After ICH

Transferrin receptor was primarily expressed in the cytoplasm
of neuroglia and neurons, but a few was found at the mem-
brane of endothelia, this is consistent with its role for
transporting iron. Similar to transferrin, the results showed
that transferrin receptor was significantly increased after ICH
(with or without treatment), compared with sham-operated
animals (“p<0.05 vs. sham). Both deferiprone and clioquinol
enhanced ICH-induced transferrin receptor expression at day
3 and 7 in immunohistochemistry and at day 3, 7, and 14 in
mRNA after surgery (*p<0.05 vs. vehicle; Fig. 5). Transferrin
receptor reached a plateau at day 3 after ICH. Same as trans-
ferrin, clioquinol amplified transferrin receptor expression at
day 3 and 7 after surgery, compared with deferiprone
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Fig. 4 Localization of transferrin by immunohistochemistry method
(brown). Comparison of the results from transferrin immunostaining
and RT-gPCR production in four groups (sham, vehicle, deferiprone,
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treatment. At day 14 after surgery, the transferrin receptor
expression was receded.

Effect of Deferiprone and Clioquinol on DMT1
Expression After ICH

As shown in Fig. 6, DMT]1 expression was principal in cyto-
plasm of neurons, some were at glia and a few were at endo-
thelial cells. Similar to the other iron transporters, all animals
showed DMT1 expression significantly increased in ICH,
compared with sham-operated animals. Deferiprone enhanced
ICH-induced DMT1 expression at day 3 in immunohisto-
chemistry and at day 2, 3, and 7 in mRNA after surgery
(*p<0.05 vs. vehicle; Fig. 6). DMT1 reached a plateau at
day 7 after ICH. Different from ferric iron transporters,
clioquinol weakened DMT1 expression at day 3, 7, and 14
after surgery in immunohistochemistry and all the time in
mRNA, compared with deferiprone treatment.

Effect of Deferiprone and Clioquinol on Ferroportin
Expression After ICH

As shown in Fig. 7, Fpn expression was mainly at the mem-
brane of endothelial cells which is consistent with its role for
iron exportation from the brain, the other located at glia. Same
as DMT]1, all animals showed Fpn expression significantly
increased in ICH (with or without treatments), compared with
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Fig. 5 Localization of transferrin receptor by immunohistochemistry
method (brown). Comparison of the results from transferrin receptor
immunostaining and RT-qPCR production in four groups (sham,

sham-operated animals. But just clioquinol enhanced ICH-
induced Fpn expression at day 7 and 14 in immunohistochem-
istry and at all time points in PCR after surgery (*p<0.05 vs.
vehicle; Fig. 7); deferiprone had no role on Fpn compared
with vehicle group. Clioquinol enhanced Fpn expression com-
pared with deferiprone treatment group ( p<0.05 vs.
deferiprone).
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Fig. 6 Localization of divalent metal transporter 1 (DMT1) by
immunohistochemistry method (brown). Comparison of the results from

DMT1 immunostaining and RT-qPCR production in four groups (sham,
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Discussion

In this study, we found that ICH induced iron accumulation,
brain edema, ROS formation, and neurological deficits.
Clioquinol improved neurological outcome probably through
reducing brain edema and ROS production. Deferiprone re-
duced iron contents but not brain edema and ROS, and it failed
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Fig. 7 Localization of ferroportin (Fpn) by immunohistochemistry
method (brown). Comparison of the results from Fpn immunostaining
and RT-qPCR production in four groups (sham, vehicle, deferiprone,

to improve the outcome. ICH initiated endogenous iron che-
lators and transporters, both exogenous iron chelators (Fe**/
Fe®") enhanced transferrin and transferrin receptor, clioquinol
seems to have more powerful effect on them compared with
DFP. Clioquinol enhanced expression of Fpn but not DMT1,
deferiprone enhanced expression of DMT1 but not Fpn.

The peak coincidence of iron storage and ROS in our study
confirmed that iron was probably the primary cause of ROS
production, and Fenton reaction was probably the major
mechanism, causing lipid peroxidation and neuronal injury
in the brain [9, 22]. Ferritin as another main iron binding
protein, its primary role is against iron toxicity that involves
oxidative damage with mitochondrial involvement. Ferritin
iron may have a pro-oxidant role under pathological condi-
tions. This indicates that under conditions in which ferritin
iron capacity to store iron is overwhelmed or impaired by
either chemical or genetic reasons, ferritin iron can contribute
to tissue damage [23, 24]. We found that major ferritin
expressed in cytoplasm of neuroglia and neurons. Increased
iron levels within the cytoplasm of vulnerable neurons suggest
that this may also be an important site of oxidative activity. It
showed that intracellular, rather than extracellular chelation of
ferrous or ferric iron may be more effective in reducing hy-
droxyl radical-induced cell damage and cell viability [25].
Meanwhile, brain edema and Garcia scores showed the most
deterioration at day 2 and 3, which was out of step with iron
accumulation. So there are other detrimental factors such as
mass effect, thrombin, and inflammation involved in the ede-
ma formation; moreover, it needs other more specialized scale
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scores to evaluate the neurological deficits on the long
outcome.

It is known that the redox-active form of iron, ferrous iron,
is neurotoxic due to the generation of ROS by the Fenton
reaction [24]. Fe*" may play a potent role in the pathogenesis
of secondary insult following ICH. Fe*" is oxidized to Fe** by
hydrogen peroxide, forming a hydroxyl radical and a hydrox-
ide ion in the process. Fenton reaction is as follows [26]:
Fe’"+H,0,—Fe*" +HO++OH—; as shown in the equation,
chelating ferrous iron will reduce oxidative free radical forma-
tion, but chelating the ferric iron would facilitate the reaction
process and possibly increase the free radical production. Fe*"
binding may attenuate oxidative stress and inhibit Fe**-in-
duced lipid peroxidation from iron overload. On the other
hand, H,O, can significantly increase the intracellular free
radicals, leading to serious DNA damage and significantly
reduce superoxide dismutase, glutathione peroxidase, cata-
lase, and lipase activity [27]. So ferrous iron chelator—
clioquinol—may prevent its happening and reduce brain ede-
ma, but it would not happen with ferric iron chelator—
deferiprone. Furthermore, existing data showed that hydro-
philic ferrous or ferric chelators and lipophilic ferric chelators
were essentially ineffective in preventing cellular NAD(+)
depletion when added at physiological concentrations [25].
But lipophilic ferrous chelators, due to their actions inside
the cells, are effective agents for moderating neuronal damage
in conditions such as Alzheimer’s disease (AD), where intra-
cellular oxidative stress plays a significant role in disease pa-
thology. As the intracellular environment is a major site of
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oxidative damage, effective targeting of the specific site of
free radical generation by selected chelation drugs may be
helpful in reducing non-specific side effects, and thus provide
a more effective therapy [25]. Clioquinol has the capacity to
bind both extracellular and intracellular ferrous iron [25]. Its
ability to chelate intracellular iron resulted in a decrease in
intracellular OHe mediated damage [25]. In the 1970s,
clioquinol was linked to an outbreak of subacute myelo-
optic neuropathy in Japan [28] and was banned in many coun-
tries. Subsequent epidemiologic analysis questioned the link
between subacute myelo-optic neuropathy and clioquinol
[29], and it remains available in several countries, including
Canada, where it is sold in a topical preparation. Clioquinol
was then moved into clinical trials for patients with AD [30,
31]. It proved nontoxic in a small Swedish trial [30] and a
larger trial conducted in Australia [31]. We observed that
deferiprone had greater possibility of unexpected side effects
than clioquinol. Clioquinol, a ferrous iron chelator had a ben-
eficial effect on ICH but not ferric iron chelator (deferiprone),
and showed that Fe*" probably was the key factor in the path-
ophysiology of ICH. Fe*" binding may attenuate some ROS
consequences from iron overload.

‘With iron accumulation in the brain after ICH, iron-related
transport proteins were activated to keep the iron homeostasis
in the brain. Iron homeostasis in cells is regulated by interac-
tions of proteins involved in iron uptake, release, and storage
[32]. Ferritin, transferrin, transferrin receptor, DMT1, and
ferroportin were all involved in the iron-regulating process.
Our results showed that all the iron-related chelating and
transport proteins mentioned above increased after ICH.
Traditionally, transferrin-mediated transport system has been
considered as the primary mechanism for cellular iron deliv-
ery and identified in the BBB [33]. Our results showed that
transferrin receptors reached the plateau earlier than transfer-
rin, suggested the receptor was possibly earlier in the adapta-
tion to iron overload in the brain. The enhanced expression of
Tf/TfR was probably associated with the iron egress accom-
panied by iron accumulation in the brain after ICH. Plasma
transferrin is a powerful ferric endogenous chelator, capable of
binding iron tightly but reversibly. A molecule of Tf can bind
two atoms of ferric iron with high affinity. It facilitates regu-
lated iron transport and cellular uptake, and it maintains Fe*
in a redox-inert state, preventing the generation of toxic free
radicals [34]. There are both transferrin and non-transferrin-
dependent systems for iron delivery to the brain and that the
preference for one pathway over another appears to be depen-
dent on the iron status of the endothelial cells [34]. DMT1 is
the major mediator for Fe?" influx, pre-treatment with DMT1
inhibitor—ebselen—significantly reduces the iron-
transporting activity of DMT1 and inhibits ROS generation
[35]. Fpn is the only known molecule to export Fe* from
neuronal cells. Fpn has been identified in the brain microvas-
cular endothelial cells of the blood-brain barrier. Our staining
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results verified and suggested that its location was related to
iron exporter function. Fpn controls iron efflux from neurons
and iron transport across the basolateral membrane of endo-
thelial cells of the BBB [36]. In this study, we found that
expression of DMT1 and Fpn were increased in ICH; they
all involved in the iron regulation when iron overload oc-
curred in the brain after ICH.

So what is the effect of the exogenous iron chelators on
endogenous iron chelators and regulators in ICH? We found
that both iron chelators upregulated the expression of transfer-
rin and transferrin receptor, they all accelerated iron traffick-
ing after ICH, but clioquinol seems to have a stronger effect on
them. Both iron chelators played different role on the Fe*"
transporters. Ferroportin, the only channel for iron export, its
downregulation led to iron accumulation and dopaminergic
neurons’ degeneration [37] and aggravated ROS generation
in PD [38]. As mentioned before, DMT]1 inhibitor significant-
ly inhibited ROS generation [35]. The neuroprotective effect
of clioquinol probably facilitates iron export through strength-
ening expression of Fpn and reducing expression of DMT1.
But for deferiprone, while it enhanced DMT1 and appeared no
role for Fpn, it seemed to have little effect on outcome of rat
ICH.

Conclusion

Ferrous iron may play a key role in the pathogenesis of
secondary injury after ICH. Fe?" binding may attenuate
some ROS consequences from iron overload then mitigate
brain edema. Exogenous iron chelator functioned by affect-
ing endogenous iron chelators or transporters. Clioquinol
improved neurological outcome of rat ICH probably through
reducing brain edema and ROS production, it facilitated
Fe*" export and inhibited Fe** import through enhancing
Fpn and reducing DMT1 expression. DFP failed to improve
the outcome probably owing to its upregulation for DMT1
but nothing to Fpn, so DFP seemed to have little effect on
brain edema and ROS.
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