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Abstract: Objective: Ferrous iron is a major source inducing oxidative stress after intracerebral hemorrhage (ICH). Di-
valent metal transporterl (DMT1) is the important and well-known plasma membrane transport protein which was
proved to be involved in the transport of free ferrous iron in mammals. Ferroportin 1 (FPN1) is the unique exporter
of ferrous iron from mammalian cells. The role of DMT1 and FPN1 in brain after ICH is still not elucidated. Therefore,
we measure the expression of DMT1 and FPN41, to explore the correlations between ferrous iron and its specific
transporters after ICH. Methods: Ninety-six Sprague-Dawley rats received intra-striatal infusions of 0.5 U type IV col-
lagenase to establish ICH model. Ferrous iron content in brain was determined using Turnbull’'s method. DMT1 and
FPN1 expression were examined by immunohistochemical staining and Real-Time quantitative polymerase chain
reaction (RT-PCR). With the use of confocal laser microscopy, we determined the colocalization of DMT1 and FPN1
at 1, 3, 7 and 14 days after ICH. Results: Ferrous iron deposition was shown in the perihematomal zone as early as
1 day after ICH; it reached a peak after 7 days and was not elevated within 14 days following ICH. The expression of
the DMT1 upregulated and reached to peak at day 7 after ICH. FPN1 reached a plateau at 3 days post-ICH. Expres-
sion levels of DMT1 and FPN1 were in parallel with ferrous iron deposition. There was a positive correlation between
FPN1 and DMT1. DMT1 mainly localized in the cytoplasm of glias and neurons. FPN1 were mostly distributed on the
membrane of endothelial cells and glias. Confocal microscope showed that DMT1 colocalized with FPN1. Conclu-
sions: DMT1 and FPN1 are positively influenced by ferrous iron status in brain after ICH. DMT1 and FPN1 attenuate
iron overload after ICH via increasing transmembrane iron export.
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Introduction

Excess ferrous iron is deemed to be a major
source of oxidative stress due to the production
of reactive oxygen species (ROS) through
Fenton reaction. The reaction involves the pro-
cess of inducing the ferrous iron and hydrogen
peroxide into a toxic hydroxide ion and a hydrox-
yl free radical, with the concurrent oxidation of
ferrous iron to ferric iron. The ability of the fer-
rous iron to generate ROS and hydroxyl radicals
initiates lipid peroxidation as well as direct DNA
damage [1]. Many previous studies revealed
the detrimental role of massive iron releasing
into the brain after intracerebral hemorrhage

(ICH) [2-4], however, there have been few stud-
ies focusing on the regulation of iron after ICH.
Divalent metal transporterl (DMT1) is the impor-
tant known plasma membrane transport protein
which was proved to be associated with the
transport of free ferrous iron in mammals [5].
Previous studies have demonstrated the impor-
tance of the iron transporter DMT1 in iron
homeostasis [6, 7]. DMT1 may act as the trans-
porter for free ferrous iron at the blood-cerebro-
spinal fluid barrier and regulated by the feed-
back of the iron storage in body [1, 8, 9].

Ferroportinl (FPN1) is a newly discovered trans-
membrane iron export protein. It plays a key
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role in Fe?" transport across the basal mem-
brane of enterocytes and iron export during
erythrocyte-iron recycling by macrophages [10].
Recent findings suggest that FPN1 is expressed
in brain and might play a role in ferrous iron
export of nerve cells [11]. Some previous
researchers explored the relationship between
ferrous iron tranporters and iron regulation [12,
13], however, the crosstalk of ferrous iron tran-
porters and iron in ICH-induced iron overload is
still unclear.

Based on the evidence mentioned above, we
hypothesis that iron fluxes in brain cells can be
determined by the activity of import and export
transporters. To elucidate the underlying mech-
anisms of ferrous iron regulation after ICH, we
explored the colocalization of DMT1 and FPN1,
detected the associated transporters response
to the ferrous iron status, which my help to clar-
ify the possible iron transport way in ICH
condition.

Materials and methods
Animal preparation

The protocols for these animal studies were
approved by the Committee of Shanxi medical
University for the Use and Care of Animals. A
total of 96 adult male Sprague-Dawley rats
(Animal Laboratories of Shanxi medical
University) weighing 250 to 300 g were used in
the study. These rats were randomly divided
into 2 groups. Group A were 48 control rats
(received a 2.5 L intracerebral infusion of
saline); Group B were 48 ICH rats (received a
2.5 pL saline plus 0.5 U collagenase IV). At 1, 3,
7, and 14 days post-ICH, the rats were killed by
an overdose of chloral hydrate (400 mg/kg,
i.p.).

The experiment consists of 4 parts. In Part 1,
we examined the ferrous iron deposition using
Turnbull’s staining; In part 2, DMT1 and FPN1
expression around hematoma were analyzed
by immunohistochemical staining; In part 3,
confocal microscopy was used to determine
the colocalization of DMT1 and FPN1; In part 4,
RT-PCR was used to quantify the expression of
DMT1 and FPN1.

ICH model

The rats were anesthetized with an intraperito-
neal injection of hydrated chloric aldehyde
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(300-350 mg/kg) and were allowed free access
to food and water before the procedure. The
rats were placed in a stereotactic head frame
(Jiangwan type 1 C Instrument, Shanghai,
China) after anesthesia, and a 1 mm cranial
burr hole was drilled on the right coronal suture
2.3 mm lateral to midline. Then, 2.5 yL saline
including 0.5 U collagenase IV was infused into
the right caudate slowly (coordinates: 0.5 mm
anterior, 5.8 mm ventral, and 2.3 mm lateral to
the bregma) using 5 L flat-headed microsyrin-
ge (Hamilton 600, Switzerland). In sham-oper-
ated animals, 2.5 pL saline was infused. Then
the needle was withdrawn, the bur hole was
filled with bone wax, and the skin incision was
sutured.

Brain section preparation

Rats were anesthetized and underwent intra-
cardiac perfusion with 4% paraformaldehyde in
0.1 mol/L (pH 7.4) phosphate-buffered saline.
The brains were removed immediately and a
5-mm-thick coronal brain section containing
the injection site was isolated. The brain sec-
tion were kept in 4% paraformaldehyde at 4°C,
then placed in serial dehydrating, embodying in
wax and 5-pum-thick coronal slices were
obtained. The sections were dewaxed in xylene
and rehydrated in a graded series of ethanol
baths.

Turnbull’'s method for ferrous iron staining

@ Incubate in Turnbull’s staining solution (1:1,
Reagent F 100 pL and Reagent G 100 pL) for
60 min and rinse in distilled water; @ Place in
cleaning solution 50ml (Reagent E) for 2 min
then wash in distilled water; 3 Place in block-
ading solution (Reagent H) for 20 min and
remove the solution, then repeat step @; @
Incubate in dark place with coloration solution
200 pL (Reagent 1) for 20 min rinse in distilled
water; ® Incubate in dark place with coloration
working solution 200 pyL (Reagent | 200 pL
mixed with Reagent J 1.8 ml) for 15 min and
rinse in distilled water, then repeat step @; ©®
Dehydrate in 95% alcohol, absolute alcohol and
clear in xylene, two changes each; @ Mount
with permount. Two images were taken from
the caudate just next to the cavity. Area mea-
surements were performed on two areas in
each of six rat brain sections from group A and
B. Brain iron positive area were assayed by col-
orful medical imaging instruments (image-pro
plus 6.0, OLYMPUSBX60, German).
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Immunohistochemical staining for DMT1 and
FPN1

Before labeling, endogenous peroxidase activi-
ty in deparaffinized sections was blocked with
3% H,0,. Sections were then incubated in PBS
for 30 min at room temperature. After wet heat-
induced epitope retrieval, the sections were
incubated with 5% bovine serum albumin in
PBS for 20 min. Primary rabbit anti-mouse
DMT1 (1:200dilution, Lanji Biotech Corporation,
Shanghai, China) and mouse anti-rat FPN1
(1:200 dilution, Boaosen Biotech Corporation,
Shanghai, China) were added respectively and
incubated overnight at 4°C in a humidified box.
After washed 3 times with PBS for 10 min, the
brain sections were incubated with biotinylated
goat anti-rabbit and goat anti-mouse second-
ary antibodies (Boshide Bioengineering Cor-
poration, Wuhan, China) for 35 min at 37°C.
After washing, the sections were treated with
streptavidin- biotin complex (Boshide Bio-
engineering Corporation) for 20 min at 37°C.
The sections were then washed 3 times with
PBS for 5 min and the staining reaction was
carried out using 3, 3’-diaminobenzidine tetra-
hydrochloride (DAB) as the chromogen.
Negative controls included incubation with PBS
without the primary antibody. The sections
were dehydrated in ethanol, cleared in xylene,
and cover-slipped. Finally, slices were photo-
graphed with colorful medical imaging instru-
ments (image-pro plus 6.0, OLYMPUSBX®60,
German). The same areas were selected for
imaging in corpus striatum. The photographs
were analyzed with the Image-Pro Plus soft-
ware. Two areas were selected, the number of
positively stained cells was determined in each
section, and counts were determined from
three sections per animal.

Immunofluorescence for DMT1 and FPN1 with
laser confocal microscopy

Immunofluorescence detection of DMT1 and
FPNZ1 in brain was performed by using both pri-
mary antibodies which were added at the same
time, the specific steps described in detail as
mentioned above. The primary antibody was
removed, and the sections were washed in
high-salt PBS (2.8% wt/vol NaCl), followed by
two times wash with PBS. The slides were then
incubated for 1 h at room temperature with the
appropriate secondary antibodies, which were
goat anti-rabbit IgG conjugated to FITC and
goat anti-mouse IgG conjugated to Cy3. All sec-
ondary antibodies were applied simultaneous-
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ly. After incubation with the secondary antibod-
ies, all sections were washed twice for 5 min in
high-salt PBS, followed by two times wash in
PBS, and mounted with Vectashield (Vector
Labs, Burlingame, CA). Omission of primary
antibody during development resulted in no
detectable signals. Immunostaining was
observed and photographed using an Olympus
Fluoview FV1000 confocal laser scanning
microscope (Olympus America Inc, USA).

Real-time quantitative polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from brain tissues
stored at -80°C by use of TRIzol Reagent
(Sigma-Aldrich, USA) in accordance with the
manufacturer’s instructions. Complementary
DNA was reverse transcribed using a 2-step
RT-PCR kit (Takara Bio, China). RT-PCR analysis
was performed using ABI7300System SDS RQ
Study Software (Life Technologies, USA) with
the SYBR green RT-PCR Kit (Takara Bio, China).
A 20-pL total reaction mixture volume was used
in the PCR; this contained 8pL of diluted com-
plementary DNA reaction products, 10 pL of
SYBR green PCR Master Mix, and 2 uL of for-
ward and reverse primers. Reaction conditions
were as follows: initial denaturation at 95°C for
2 minutes, 40 cycles of denaturation at 95°C
for 30 seconds, and annealing and elongation
at 60°C for 45 seconds. Reverse transcription
was performed in triplicate. To standardize
DMT1 and FPN1 mRNA concentrations, tran-
script levels of the housekeeping gene -actin
were determined in parallel for each sample.
Final results were expressed as the copy ratio
of B-actin transcripts. The amount of target was
calculated by the 222t method [14].

Statistical analysis

All data in this study are presented as the mean
+ standard division (SD). SPSS 13.0 was used
for data analysis. Normal distribution test,
Homogeneity test of variance, Dunnet T3 mul-
tiple comparison test, Student’s t -test and
Pearson’s test were carried out for the data.
Significance levels were measured at a proba-
bility value less than 0.05.

Results
Histochemical assessment for iron

Based on Turnbull’s iron staining method, iron
positive staining appeared as a brown deposit
in the perihematomal zone as early as the 1 day

Int J Clin Exp Pathol 2015;8(9):10671-10679
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Figure 1. Photomicrograph of perihematomal tissue showed Turnbull’s staining for ferrous iron deposit in a rat at
day 7 after surgery. Results of the ferrous iron-positive area in surgical controls A and ICH models m. *P < 0.05, **P
< 0.01 vs. controls; 2P < 0.05 vs. former point by Dunnett’s T3 multiple comparison tests.

post-ICH and reached a plateau at 7 days
(27.67 = 5.89 in the ICH group vs 5.41 + 0.53
in control group, P < 0.01), iron deposition
remained at high levels for at least 14 days
(23.40 £ 6.18 in the ICH group vs 2.33 £ 0.42
in control group, P < 0.05). A few iron positive
staining cells were observed around needle
passage after 3 days in surgical control rats
(Figure 1).

DMT1 expression and assay

As shown in Figure 2, DMT1 were found pre-
dominantly in the cytoplasm of neurons, some
were in glia and a few were in endothelial cells.
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There was an increased expression of DMT1 at
each time point around hematoma in brain.
DMT1 reached a plateau at day 7 after ICH.

The presence of FPN1 by immunohistochem-
istry

In Figure 3, FPN1 expression was mainly at
membrane of endothelial cells which is consis-
tent with its role for iron exportation from brain,
the other located at glia. Similar to DMT1, all
animals showed that FPN1 expression was sig-
nificantly increased in ICH group compared to
sham-operated animals. FPN1 reached a pla-
teau at day 3 post-ICH.

Int J Clin Exp Pathol 2015;8(9):10671-10679
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Figure 2. DMT-1 immuno-positive cells (brown) were shown at day 7 after operation; *P < 0.05 vs. controls, #P < 0.05
vs. former point by Dunn T3 multiple comparison test.

Colocalization of DMT1 and FPN1 in brain
after ICH

The colocalization of DMT1 and FPN1 was
investigated in brain by double-labeled immu-
nofluorescence. Analysis by confocal microsco-
py indicated that in most glias and endothelial
cells DMT1 (green) produced a punctate intra-
cellular staining consistent with localization in
endosomes (Figure 4A), membrane and cyto-
plasmic staining was observed in the similar
and adjacent cells with the anti-FPN1 antise-
rum (red, Figure 4B) at day 7 after ICH.
Superimposition of the images (Figure 4C)
clearly showed overlapping staining of the 2
signals. Surprisingly, in contrast to data on 7
day, DMT1 colocalized with FPN1 at other days
in brain after ICH (Figure 4D, 4E), superimposi-

10675

tion shows yellow overlapping staining (Figure
4F).

Relationship between iron deposits and the
ferrous iron transporters

The levels of ferrous iron accumulation showed
positively correlation with DMT1 (r = 0.338, P <
0.01) and FPN1 (r = 0.338, P < 0.01). The
expression of DMT1 was correlated significant-
ly with FPN1 following ICH (r = 0.834, P <
0.001).

Discussion

Intracerebral hemorrhage (ICH) is a devastating
type of stroke with the highest mortality rate,
leading to significant impairment from mechan-
ical trauma and secondary injury. Free iron,

Int J Clin Exp Pathol 2015;8(9):10671-10679
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Figure 3. FPN-1 immuno-positive cells (brown) were shown at day 7 after operation; "P < 0.05 vs. controls, P < 0.05

vs. former point by Dunnett’s T3 multiple comparison test.

released from lysed erythrocytes, results in
free radicals generation which likely contribute
to delayed injury [15]. Iron, especially in its fer-
rous state, has the potential to generate highly
cytotoxic hydroxyl radicals via catalyzing the
Fenton chemistry [16]. The exact removal pro-
cess for excess ferrous iron from the brain
remains unknown. Therefore, to decrease the
risk of ferrous iron-mediated cellular injury, the
therapeutic control of excess ferrous iron accu-
mulation in the brain after ICH is required. In
this concern, knowledge of the ferrous iron
transporters localization and reducing state of
iron would be highly useful for the improvement
of prognosis after ICH.

The findings in the present study confirm that
ferrous iron accumulated in the brain after ICH.
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Ferrous iron was found around the hematoma
as early as the day 1 and reach the peak by the
day 7 after ICH as detected by Turnbull’s iron
staining. This probably reflects the delayed lysis
of erythrocytes after ICH [1, 17].

Divalent metal transporterl (DMT1), the major
iron importer, as an integral membrane protein,
is the best characterized Fe?" transporter
involved in cellular iron uptake in mammals
[18]. DMT1 has been detected in every cell type
and its structure is highly conserved in evolu-
tion with similar proteins expressed in many dif-
ferent organisms [5, 19-20]. In the brain, DMT1
MRNA is consistently found in neurons, astro-
cytes, cerebral capillary endothelial cells that
constitute the blood-brain barrier and the cho-
roid plexus epithelial cells that comprise the

Int J Clin Exp Pathol 2015;8(9):10671-10679
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Figure 4. Localization of DMT1 (A. 7 day after ICH; D. 1 day after ICH; Green fluorescence) and FPN1 (B. 7 day after
ICH; E. 1 day after ICH; Red fluorescence); DMT1 colocalized with FPN1 (C. Superimposition at day 7 after ICH; F.
Superimposition at day 1 after ICH, Yellow fluorescence) by double-labeled immunofluorescence.

blood-cerebrospinal fluid barrier and presents
at moderate levels in the substantia nigra [12,
19, 21, 22]. DMT1 only transports iron of the
ferrous form across the plasma and/or endo-
somal membrane. Studies on brain barriers
have also suggested that iron can pass across
the BBB and cerebrospinal fluid barrier into the
central nervous system via a non-Tf-mediated
transport [19, 23, 24]. The cellular localization
and functional characterization of DMT1 sug-
gest that it might participate in physiological
brain iron homeostasis and transport [12, 22,
25]. Wang XS et al have reported that DMT1
expression is closely linked to iron levels, dys-
regulation of DMT1 seems to take part in some
neurodegenerative disorders [12], and provide
more support for a key role that DMT1 plays in
iron overload in the degenerating hippocampus
[26, 27]. Upregulation of DMT1 may result in
excessive iron accumulation, and, finally, cause
neurodegeneration in the region of the brain.
Until now there was no research about the
change of DMT1 expression when iron overload
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happens in brain after ICH. Our study showed
that DMT1 was increased in all ICH rats and
reached maximum at day 7 compared to the
operated control rats. A positive relationship
was observed between ferrous iron and DMT1.
Given the accumulation of iron, the increase in
the expression of the iron importer DMT1 was
unexpected. These data also suggest that
DMT1 may play an important role in iron traf-
ficking in brain after ICH.

FPN1, as well as DMT1, are highly involved in
iron transport. Studies demonstrate that neu-
rons express ferroportin which could reflect a
mechanism for iron export [28]. Cellular iron
efflux involves ferroportin, the unique known
iron exporter. Ferroportin is found in most cell
types, and export iron into plasma [29].
Although it has not been proven directly, FPN
appears to transport ferrous iron. Similar to
DMT1, our experiment also demonstrated that
FPN1 upregulated after ICH and reached a
peak at day 3 compared to the surgical control

Int J Clin Exp Pathol 2015;8(9):10671-10679
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rats. A positive relationship was observed
between ferrous iron and FPN1. The similar cor-
relation was existed between FPN1 and DMT1.
Our findings suggest that the role of FPN1 in
ferrous iron export after ICH and a possible
ambivalent role of DMT1.

In spite of a consistent expression of FPN1 and
DMT1, there is no real information on whether
the both iron transporters are capable of
exporting the accumulated ferrous iron after
ICH. Our staining showed that DMT1 was found
predominantly localized in nucleus and cyto-
plasm of glial cells and neurons (Figure 2) and
FPN1 were mostly distributed on the mem-
brane in endothelial cells (Figure 3). Meanwhile
our colocalization studies with laser scanning
confocal microscopy provided support for the
both protein interactions. Superimposition
images (Figure 4C) showed overlapping stain-
ing of the two ferrous iron transporters at day 7
in ICH. These results indicated that DMT1 was
located in cytoplasm of glias while FPN1 was
located on the endothelia and glia cell surfac-
es. Unpredictably, DMT1 and FPN1 were colo-
calized in neurons at day 1 in brain after ICH
(Figure 4D, 4E). Export of iron from astrocytes
is mediated by ferroportin. This process has
been discussed to be important for the supply
of iron to other brain cell types such as neurons
[30, 31]. Ferroportin-mediated iron export from
astrocytes requires ferrous iron as substrate
[30]. DMT1 is major the transporter for ferrous
iron entrance into mammalian cells, but it also
plays a similar major role in export of iron from
the endosome during the transferrin cycle [18,
32, 33]. DMT1 is known to be trafficked
throughout the cell via the endosomal pathway
[34]. DMT1 on the cell surface may play a role
in iron influx into cells, and DMT1 on the endo-
somal membrane has been shown to be
required for the transport of iron from the endo-
some into the cytosol [34, 35]. Therefore, the
increase in DMT1 expression after ICH do not
show evidence of its role for iron accumulation,
suggests that these cells are trying to increase
iron exit from endosome to cytoplasm by upreg-
ulating DMT1. Moreover our results also illus-
trated that neurons are capable of exporting
iron to the cellular exterior.

In conclusion, DMT1 and FPN1 were positively
regulated by ferrous iron status in brain after
ICH, DMT1 assisted in transmembrane iron
export along with FPN1 while iron overload
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after ICH. More knowledge about these pro-
cesses in the brain will be needed and well
documented.
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