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Abstract Early brain injury (EBI) is a major cause of
mortality from subarachnoid hemorrhage (SAH). We
aimed to study the pathophysiology of EBI and explore the
role of hepcidin, a protein involved in iron homeostatic
regulation, and its downstream proteins. One hundred and
thirty-two male Sprague-Dawley rats were assigned into
groups (n = 24/group): sham, SAH, SAH + hepcidin,
SAH + hepcidin-targeting small interfering ribonucleic
acid (siRNA), and SAH + scramble siRNA. Three hep-
cidin-targeting siRNAs and one scramble siRNA for hep-
cidin were injected 24 h before hemorrhage induction, and
hepcidin protein was injected 30 min before induction. The
rats were neurologically evaluated at 24 h and euthanized
at 72 h. Hepcidin, ferroportin-1, and ceruloplasmin protein
expression were measured by immunohistochemistry and
Western blotting. Brain water content, blood—brain barrier
(BBB) leakage, non-heme tissue iron and Garcia scale were
evaluated. Hepcidin expression increased in the cerebral
cortex and hippocampus after experimental SAH (P < 0.05
compared to sham), while ferroportin-1 and ceruloplasmin
decreased (P < 0.05). Hepcidin injection lowered the
expression of ferroportin-1 and ceruloplasmin further but
siRNA reduced the levels of hepcidin (P < 0.05 compared
to SAH) resulting in recovery of ferroportin-1 and ceru-
loplasmin levels. Apoptosis was increased in SAH rats
compared to sham (P < 0.05) and increased slightly more
by hepcidin, but decreased by siRNA (P < 0.05 compared
to SAH). SAH rats had lower neurological scores, high
brain water content, BBB permeability, and non-heme
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tissue iron (P < 0.05). In conclusion, downregulation of
ferroportin-1 and ceruloplasmin caused by hepcidin
enhanced iron-dependent oxidative damage and may be the
potential mechanism of SAH.
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Introduction

Early brain injury (EBI) has become an important direction
for study of subarachnoid hemorrhage (SAH). A number of
key factors are associated with EBI including elevation of
intracranial pressure, reduction of cerebral blood flow,
suppression of cerebral perfusion pressure, fall in brain
oxygenation, blood—brain barrier (BBB) breakdown, brain
edema, and neuronal cell death [1]. EBI is the leading
cause of mortality in patients with SAH, resulting in it
becoming the primary direction of SAH research [2]. Matz
et al. [3] firstly demonstrated the involvement of apoptosis
in early brain injury following SAH. Our prospective
studies have conclusively demonstrated that extensive
protein damage after SAH leads to overloading endoplas-
mic reticulum (ER) with aberrant and unfolded proteins,
and ER stress activates apoptosis [4].

The involvement of the CCAAT/enhancer binding pro-
tein (C/EBP) homologous protein (CHOP alias DDIT3/
GADDI153) in ER stress has been found to be a major
inducer of apoptosis after SAH, and CHOP silencing leads
to reduction of apoptosis and other injury after SAH [4].
There is a C/EBP-binding site on the hepcidin gene.
C/EBPo inhibits the expression of other members of
C/EBP family, and CHOP exhausts this inhibition and
enhances the expression of hepcidin [5, 6]; we suspect that
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the up-regulated expression of hepcidin exacerbates apop-
tosis. Hepcidin regulates cellular iron efflux by inducing
internalization of ferroportin-1 (Fpnl) [7]. Li et al. [8] have
also found that hepcidin modulates the expression of
ceruloplasmin (CP) and Fpnl in rat cerebral cortex and
hippocampus.

Hepcidin is a polypeptide secreted by the liver. Pigeon
et al. [9] have reported hepcidin’s role in iron homeostatic
regulation. Hepcidin can also regulate the expression of
Fpnl and decrease the transfer rate of iron by directly
acting on the epithelial cells of small intestine [10].
Nemeth has found that Fpnl is the receptor for hepcidin,
and it can downregulate the expression of Fpnl and
increase Fpnl degradation. All these effects can cause the
accumulation of iron in the cell, which is considered to be
one of the key factors of apoptosis.

CP is a ferrous oxidase, which can promote a ferrous
iron to oxidize to ferric iron. Only the ferric iron can unite
with transferrin. CP plays an important role in iron-trans-
port systems and iron steady state. CP is unable to pass
BBB [11]. Klomp [12] has reported the expression of CP in
the central nervous system of both humans and rats,
especially in the cerebral cortex, basal ganglia cells, hip-
pocampus, cerebellum, and corpus callosum. This suggests
that CP can be synthesized and secreted by brain tissues.

In this study, it was postulated that the overexpression of
hepcidin could lead to abnormal iron deposition in neurons,
which in turn could play a key role in the pathological
process of EBI after SAH.

Materials and methods
Animals and groups

One hundred and thirty-two male Sprague-Dawley rats
(Chongqing Medical University, Chongqing, China)
weighing 280—350 g were used in this study. The animal
experimental ethics committee of Chongqing Medical
University approved the experimental protocol. All the rats
were randomly assigned to the following groups (n = 24 in
each group): sham, SAH, SAH + hepcidin, SAH + hep-
cidin-targeting small interfering ribonucleic acid (siRNA),
and SAH + scramble siRNA. Three hepcidin-targeting
siRNAs and one scramble siRNA for hepcidin were
injected 24 h before hemorrhage induction, and hepcidin
protein were injected 30 min before hemorrhage induction.
The rats were anesthetized with 3.5 % chloral hydrate
(10 ml/kg intraperitoneally) and perfused with phosphate
buffer solution (PBS) at 24 h following SAH; the brain was
collected for molecular biological analysis, followed by
administration of 10 % buffered formalin for immunohis-
tochemistry. To determine the brain water content and
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neurobehavioral tests, brain was collected at 72 h after
SAH.

Experimental SAH model

The experimental SAH model was produced using stereo-
taxic insertion of a catheter with a rounded tip and a side
hole into the prechiasmatic cistern as reported by Wang
et al. [13]. We made small improvements. A tiny and soft
plastic tube was used. Anesthesia was performed during the
SAH induction with 3.5 % chloral hydrate (10 ml/kg
intraperitoneal injection). The experimental SAH model
was made by drilling a small hole (with a dentist’ micro-
drill; 7.5 mm anterior to bregma in the midline) in the skull
and injecting non-heparinized fresh autologous arterial
blood. The tube was leaned forward 45° in the sagittal
plane and lowered until it reached the base of the skull. It
was retracted 0.5 mm in order to inject the arterial blood
satisfactorily. To prevent the cerebrospinal fluid and blood
coming out of the hole, the burr hole was plugged with
bone wax before inserting the tube. About 0.3 ml arterial
blood was slowly injected into the prechiasmatic cistern for
20 s with a syringe pump under aseptic technique. Control
groups were injected with 0.3 ml saline. The awaking time
of anesthesia was about 30 min. The rats were returned to
cages after anesthesia resuscitation, and the room temper-
ature was kept at 23 £ 1 °C. To prevent dehydration,
20 ml of 0.9 % saline was injected subcutaneously right
after the operation. The average mortality of SAH was
9.09 %, and no mortality was recorded in the sham-oper-
ated rats.

siRNA injection

Animals were anesthetized with 3.5 % chloral hydrate
(10 ml/kg intraperitoneally). They were positioned in a
stereotactic device; a small hole (1 mm) was drilled
through the skull with a dentist’s micro-drill, and a 5-pl
microsyringe was inserted stereotaxically into the right
lateral ventricle (coordinates: 0.6 mm posterior, 4.5 mm
ventral, and 1.6 mm lateral to the bregma) [14]. Three
hepcidin-targeting siRNAs and one scramble siRNA
(20 uM stock solution; GENECHEM, Shanghai, China)
were injected at a rate of 1 pl/min with the 5 pl microsy-
ringe. The sequence of the first siRNA for hepcidin was
sense, 5'GUCUCUGUUGCAUAACAUA; antisense,
5'UAUGUUAUGCAACAGAGAC. The second siRNA
sequence was sense, 5'UGCCUCUUCUGCUGUAAAU;
antisense, 5’AUUUACAGCAGAAGAGGCA. The third
siRNA sequence was sense, 5UGCUGUAAGAAUU
CCUCCU; antisense, 5’ AGGAGGAAUUCUUACAGCA.
Scrambled RNA served as a control. The syringe was
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removed after the injection; the skull hole was filled with
bone wax, and the skin incision was stitched closed.

Brain water content

Brains were removed at 72 h after SAH, and the hemi-
spheres were separated and weighed to assess their wet
weight (WW). The hemispheres were then dried for 24 h at
100 °C in the oven and their dry weight (DW) was deter-
mined. Brain water content (%) was calculated using the
following formula: [(WW — DW)/WW] x 100 [15].

Evans blue dye extravasation

Disruption of BBB was analyzed 24 h after the SAH using
Evans blue (EB), as reported previously [16]. Rats were
anesthetized, and EB dye (4 %; 2.5 ml/kg) was injected
into the caudal vein and allowed to circulate for 1 h. Rats
were perfused with PBS. The amount of extravasated EB in
the brain was determined by spectroflurophotometry at
excitation wavelength 610 nm, emission wavelength of
680 nm, and bandwidth of 10 nm.

Nonheme brain tissue iron determination

Rats were anesthetized and killed at 72 h after SAH. The
brains were perfused with 0.1 mol/l cold saline before
decapitation. The remaining subarachnoid blood was
carefully removed from the basal surface of the brain.
Hippocampal tissues were separated, weighed and
homogenized. 1 ml of 8.5 mol/l HCl was added to the
samples. Hippocampal tissues were hydrolyzed at 90 °C
for 1 h. Tissues were treated with 2 ml of 20 % tri-
chloroacetic acid (TCA) to precipitate the proteins after
cooling. After centrifugation the supernatant was collected.
The precipitate was washed with 1 ml of 4.25 mol/l HCIl
plus 20 % TCA (1:1). 4 ml of 1 mol/l sodium citrate was
added to the supernatant and the pH was adjusted to 3.1.
We used a spectrophotometer to determine the nonheme
iron concentration and ferrozine as color reagent.

Garcia behavioral assessment

The neurological deficits of the rats were examined by the
Garcia behavioral assessment 24 h after SAH as previously
described [17]. This involved evaluation of the rats and
scoring them based on various parameters, which included
spontaneous activity, circling behavior, symmetry of
movement and outstretch of limbs, body proprioception,
climbing ability, and vibrissae touch. The scale was scored
from 3 to 18.

Immunohistochemistry

Immunohistochemistry was used to detect the expression of
hepcidin and its downstream proteins, Fpnl and CP, as
described [18]. Animals were transcardially perfused under
anesthesia with 3.5 % chloral hydrate and PBS followed by
4 % paraformaldehyde at 24 h after SAH. Brains were
fixed for 48 h, placed in 30 % sucrose in PBS, embedded
by paraffin, and were then used to make routine paraffin
sections. To quench the endogenous peroxidase activity,
we washed the sections with 0.01 mol/l PBS and incubated
them in 0.6 % H,O, for 20 min. Antigen retrieval was
performed in a microwave oven at 100 °C for 15 min in
citrate buffer, pH 6.0. The sections were blocked with goat
serum in PBS for 1 h, and then incubated overnight at
4 °C, respectively, with rabbit anti-hepcidin, Fpnl and CP
polyclonal antibodies (1:500; all purchased from Abcam,
Cambridge, MA, USA). After washing three times with
PBS for 10 min, the sections were incubated at 37 °C for
15 min with biotinylated goat anti-rabbit secondary anti-
body (1:250; ZSGB-BIO, Beijing, China). The sections
were washed three times for 10 min and incubated with
streptavidin-horseradish peroxidase conjugate (1:250;
ZSGB-BIO) for 15 min at 37 °C. After being washed three
times for 10 min diaminobenzidine tetrahydrochloride
(DAB) was used as the chromogen. The sections were
stained with hematoxylin, dehydrated in ethanol, covered
with neutral balsam. Finally, the sections were pho-
tographed with an Olympus (BXS51, Japan) microscope
with a DP controller set to the same parameters for each
section (sensitivity: ISO 200; exposure time: 1/4.0 s; spot:
30 %; accumulation mode: average; objective: 910; and
field diaphragm: 0.75). The same areas were selected in the
cortex (pyramidal layer cells of ectorhinal cortex) and in
the hippocampus (cells in the hippocampus CA1 area and
granular layers in dentate gyrus) between control and
experimental groups to take photographs. All the pho-
tographs were analyzed with professional software (Image-
Pro plus 6.0), and the area of interest was set as the whole
image. The intensity was calibrated with standard optical
density (OD). The background gray level was set (manual
color select, count/size column) at 150 in all slices of
control and experimental groups, and counts of 150-225
(max) signals were noted in the histogram. To filter the
non-cellular structure signal in the background, the range
of area was set as 2000 pixels. The positive area was then
counted to get the mean density (MD).

Quantitative cell count
The levels of apoptotic cells were measured by quantitative

cells count. Xylene deparaffinized sections were hydrated
by subsequent incubation in 100 and 95 % ethanol,
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respectively. Then, samples were incubated with 0.2 %
Triton X-100 in PBS-Tween for 30 min. Endogenous
peroxidase was blocked by incubation in 3 % H,0, in PBS
for 10 min. Then, the sections were pre-incubated in Ter-
minal Transferase (TdT) Reaction Buffer (Roche Diag-
nostic, USA) for 10 min followed by treatment with TdT
Reaction Mixture (Roche Diagnostic) for 1 h at 37 °C. For
detection, sections were incubated with Streptavidin-HRP
in PBS for 20 min at room temperature, followed by
treatment with 3, 3-diaminobenzidine (DAB) for 1-2 min.
Counterstaining was carried out with hematoxylin for 30 s.
The sections were finally dehydrated by ethanol gradient
before mounting. TUNEL-positive cells were counted in a
blinded manner. A specific area in the cerebral cortex was
averaged from six photomicrographs from each animal. Six
rats per group were used for quantitative histology analysis.

Western blot analysis

Cerebral cortex and hippocampus were ground and
homogenized in the radioimmunoprecipitation assay buffer
containing protease/phosphatase inhibitors. The super-
natant was collected after centrifugation at 12,000g for
15 min at 4 °C. The aliquots of 20 pg of total protein were
run on 10 % sodium dodecyl sulfate polyacrylamide gel
electrophoresis (Beyotime, Wuhan, China) and transferred
onto polyvinylidene fluoride membranes. The membranes
were blocked in 5 % non-fat milk containing Tris-buffered
saline and Tween 20 (20 mmol/l Tris—hydrochloride, pH
7.6, 137 mmol/l sodium chloride, 0.1 % Tween-20) for 2 h
at room temperature and probed at 4 °C overnight with the
following primary antibodies (Abcam; all diluted 1:300,
SLC40A1 diluted 1:1000): anti-hepcidin-25 antibody
(ab81010), anti-ceruloplasmin antibody (ab110449), anti-
SLC40A1 antibody (ab85370), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). They were then
incubated for 2 h at room temperature with respective
secondary antibodies (horseradish peroxidase-labeled
antibody, Beyotime) diluted 1:2000. Electrochemilumi-
nescence substrate kit reagents (Millipore, Billerica, MA,
USA) were used to detect the target protein using exposure
of Kodak (6535876) radiographic films. The proteins were
quantified by Quantity One software. The results were
expressed relative to GAPDH bands from the same blot
and normalized with regard to sham [4].

Statistical analysis

Data are expressed as mean = SEM. Statistical signifi-
cance was determined by analysis of variance, followed by
T test for multiple comparisons. A probability value of
P < 0.05 was taken to be statistically significant. All the
results were analyzed by SPSS 18.0 software.
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Results

Brain damage was attenuated with hepcidin siRNA
treatment

The SAH model had induced brain injury in the rats. At
72 h after SAH, the brain water content increased by
2.27 % in the SAH group (78.00 %, sham 75.73 %). The
EB contents of the brain tissue described the disruption of
BBB 24 h after SAH (n = 6 for each group) for the SAH
group this was 0.450 + 0.010 ng/mg compared to
0.404 + 0.010 ng/mg for the sham group (P < 0.05). SAH
also increased the nonheme iron levels and decreased the
Carcia scale compared to the sham group (P < 0.05,
Fig. 1).

Hepcidin injection increased the brain water content
further (81.07 %), but this was decreased significantly
towards the sham levels by hepcidin-targeting siRNA
treatment (76.81 %, P < 0.05 compared to SAH group), as
shown in Fig. la.

Hepcidin-injection also increased EB content to
0.484 + 0.018, but this was reduced by hepcidin-targeting
siRNA treatment towards sham levels at 0.428 £ 0.004
(P <0.05 compared to SAH and hepcidin injection
groups), but not in the scramble siRNA injection groups at
0.448 £ 0.010 ng/mg (Fig. 1b).

Nonheme iron levels increased further in the hepcidin
injection group (122.26 & 7.86) (Fig. 1c). But the increase
in nonheme iron levels was markedly reduced by hepcidin-
targeting siRNA treatment (76.51 £ 6.29, P < 0.05 com-
pared to both SAH and hepcidin injection group).

Expression of hepcidin, Fpnl, and CP was regulated
after SAH modeling

Hepcidin was distributed in different brain regions
including the olfactory bulb, cortex, hippocampus, and
amygdala. There was a marked increase of hepcidin
expression in SAH model rats compared with the sham
group (0.0043 in sham, 0.0205 in SAH, mean density,
P < 0.05). Downstream target protein levels were also
decreased in the SAH rats (Fpnl, sham 0.0045, compared
with SAH 0.0145; CP sham 0.0015, compared with SAH
0.0116; P < 0.05) (Fig. 2). The regulation of hepcidin on
Fpnl and CP was more obvious in the cerebral cortex than
other regions.

Hepc-targeting siRNA treatment significantly
decreased the number of apoptotic cells after SAH

The quantitative analysis of cells with apoptotic labeling
(TUNEL) in the cerebral cortex is demonstrated in Fig. 3.
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In the cerebral cortex, the number of TUNEL-positive cells
was 35 for hepcidin-targeting siRNA compared with 64 for
the SAH group (P < 0.05). The number of TUNEL-posi-
tive cells after hepcidin injection was significantly higher
than the SAH group (87, P < 0.05), while there was almost
no TUNEL-positive cells in the sham group.

Expression of hepcidin, Fpnl, and CP was reversed
after hepcidin siRNA treatment

The higher levels of hepcidin expression in cerebral tissue
(SAH 1.98-fold, sham 0.51-fold, P < 0.05), and decreased
expression of its downstream targets (SAH Fpn1 0.43-fold,
CP 0.70-fold; sham Fpnl 0.60-fold, CP 1.08-fold,;
P < 0.05) were investigated in more detail. Hepcidin-tar-
geting siRNA injection reduced the hepcidin protein level
(0.73-fold), which caused overexpression of CP and Fpnl
(0.48-fold and 0.77-fold). Therefore, hepcidin-targeting
siRNA injection prevented hepcidin-induced Fpnl and CP
down-regulation. Scramble siRNA treatment showed
increased expression of hepcidin, but the treatment failed
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to reduce the level of downstream protein (Hepcidin 1.14-
fold; Fpnl 0.40-fold, CP 0.54-fold, P < 0.05). Scramble
siRNA injection had no influence on the expression of
hepcidin and downstream proteins (Fig. 4).

Discussion

The purpose of this study was to investigate the patho-
physiology of EBI and the role hepcidin might play in the
process. We found that SAH rats showed higher levels of
hepcidin with lower expression levels of its downstream
targets Fpnl and CP. The SAH rats developed EBI and this
was increased by injection of hepcidin but decreased by
hepcidin-targeting siRNA. Apoptosis was evident in the
cerebral cortex of SAH rats and hepcidin injection signif-
icantly increased this level, but hepcidin-targeting siRNA
decreased it. These results suggest that hepcidin plays a
key role in the pathological process of EBI after SAH and
might assist with the development of novel treatment
strategies.

In this study, we found that SAH induces an increase of
brain water content (2.27 %, compared to sham),
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aggravates blood-brain barrier leakage (12.5 %, compared
to sham), and increases the nonheme iron concentration in
hippocampal tissues (134.5 %, compared to sham). This
effect can be mediated by iron metabolism disorder. It is
generally agreed that hemoglobin degradation products
including iron can cause increased intracellular iron levels
[19]. But new results suggest that iron metabolism disorder
could also increase the iron content of cells [20]. This
could also increase neuronal apoptosis in the hippocampal
gyrus CA1l area. In patients with aceruloplasminemia [21],
the accumulation of iron can be found in many tissues and
organs including those of the central nervous system. This
indicates the role of CP in iron metabolic regulation.
Reactive oxygen species (ROS) are produced during the
course of organism supersession, which can be enhanced
by iron. The enhanced reactivity of ROS produces hydro-
xyl radicals and aggravates oxidative damage of biomole-
cules. Iron-induced calcium metabolism disorder is an
important additional contributor to apoptosis [22-24]. It
has confirmed that ROS can induce apoptosis by many
mechanisms in models of brain injury, including the
mitochondrial pathway that plays an important role, e.g.,
cytosolic cytochrome c release and subsequent caspase
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activation [25-28]. The results of this study also indicated
that hepcidin-targeting siRNA treatment mitigates the brain
damage in the rat model of SAH. Inhibition of Fpnl and CP
levels by hepcidin after SAH was counteracted by hep-
cidin-targeting siRNA injection. The increased expression
of Fpnl and CP was likely to have enhanced the trans-
portation of diatomic iron and also improved diatomic iron
accumulation. Therefore, reduced apoptosis was seen with
hepcidin-targeting siRNA treatment. Our results indicated
that SAH could induce apoptosis of hippocampal pyrami-
dal cells and cortical neurons probably by activating ER
stress. The overexpression of CHOP in ER stress was
previously found to be the other major contributor. Inhi-
bition of CHOP expression can significantly reduce the
apoptosis of neurons, decrease BBB permeability and brain
water content, improve neurological [4], and also attenuate
cerebral vasospasm [29].

The results of the present study, therefore, suggest a link
between ER stress and iron metabolism. Hepcidin was
upregulated after SAH, and the expression of downstream
targets like Fpnl and CP was inhibited. All of these effects

led to excessive iron accumulation and promoted apoptosis.
Apoptosis can aggravate the destruction of BBB, increase
the brain water content, and decrease the neurological
scores. The treatments of hepcidin-targeting siRNA to
inhibit the expression of hepcidin and promote the
expression of downstream proteins and improved the
results of functional assessment.

This study has some limitations; these include the use of
a classic method of determining the brain water content by
wet/dry brain weights when more recently developed
methods such as determining the T2 weight or analysis of
magnetic resonance imaging or diffusion imaging might
provide more appropriate information. In addition, we
concentrated our analysis on the regions with the highest
hepcidin expression analysis of different areas with dif-
ferent levels of expression which would provide some
important details on the downstream target proteins. The
downstream target protein levels will need to be investi-
gated in the future.

Conclusions

A rat model of SAH provided evidence that hepcidin was
involved in the development of EBI. Hepcidin levels were
increased by SAH and its downstream targets were
decreased. EBI and apoptosis in the cerebral cortex were
increased further by injection of hepcidin, but decreased by
hepcidin-targeting sirna. The present study on hepcidin and
its inhibition provides a new strategy to treat SAH.
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