Int J Clin Exp Pathol 2014;7(5):2163-2171
www.ijcep.com /ISSN:1936-2625/1JCEP1402020

Original Article

Hemin offers neuroprotection through inducing
exogenous neuroglobin in focal cerebral
hypoxic-ischemia in rats

Xue Song?, Rui Xu?, Fei Xie?, Haiyuan Zhu?, Ji Zhu?, Xin Wang?

1Department of Neurosurgery, First Affiliated Hospital of Chongqing Medical University, Chongqing, 400016,
China; ?Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massa-
chusetts 02115, USA

Received February 7, 2014; Accepted April 10, 2014; Epub April 15, 2014; Published May 1, 2014

Abstract: Objective: To investigate the inducible effect of hemin on exogenous neuroglobin (Ngb) in focal cerebral
hypoxic-ischemia in rats. Methods: 125 healthy SD rats were randomly divided into five groups: sham-operation
control group, operation group, hemin treatment group, exogenous Ngb treatment group, and hemin and exogenous
Ngb joint treatment group. Twenty-four hours after focal cerebral hypoxic-ischemia, Ngb expression was evaluated
by immunocytochemistry, RT-PCR, and western blot analyses, while the brain water content and infarct volume
were examined. Results: Immunocytochemistry, RT-PCR, and western blot analyses showed more pronounced Ngb
expression in the hemin and exogenous Ngb joint operation group than in the hemin or exogenous Ngb individual
treatment groups, thus producing significant differences in brain water content and infarct volume (p < 0.05).
Conclusions: Hemin may be beneficial in protecting against focal cerebral hypoxic-ischemia through inducing the

expression of exogenous Ngb.
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Introduction

Hemin, also known as hematin chloride, por-
phyrin iron chloride, and ferriheme, is a product
of the oxidation of heme and has a wide range
of biological functions. Hemin is a substrate
and an inducing agent for heme oxygenase
(HO) [1, 2]. By inducing the expression of HO-1,
it promotes the production of endogenous CO,
which prevents damage caused by radicals,
reduces excitatory amino acid toxicity and has
important protective functions against hypoxic-
ischemia (H-1) damage in organs such as brain,
heart, lung and intestine [1, 2].

Neuroglobin (Ngb) [5] was the third type of glo-
bin discovered after myoglobin and hemoglo-
bin, first reported by German scientists
Burmester et al. [6] in 2000. Its name reflects
its main expression in the nervous system.
Research showed that Ngb mRNA-positive neu-
rons are distributed across the cerebral cortex,
all subdivisions of the hippocampus (CA1-4),

forebrain nuclei, thalamus, and hypothalamus.
Mitral cells in the olfactory bulb stain positive,
with large cell bodies and relatively weak stain-
ing intensity. The Ngb mRNA-positive cells in
the cerebellum stain strongly and are largely
Purkinje cells. Ngb mRNA-positive neurons
were also found in the brainstem, the reticular
formation of the pons, and the pontine nuclei,
albeit in small amounts. Current research indi-
cates that Ngb plays an important role in the
pathological and biological mechanisms of
cerebral ischemic disease.

Stroke is a common cause of death and a lead-
ing cause of adult disability worldwide. Ischemic
stroke constitutes 85% of all stroke cases. No
effective treatment has been found to prevent
damage to the brain except tissue plasminogen
activator, which has a narrow therapeutic win-
dow [7]. The mechanisms of ischemic stroke
have been reported to involve apoptosis, necro-
sis, inflammation, oxidative stress, excitotoxici-
ty, and withdrawal of trophic factors [7]. Such
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Figure 1. Hemin, exogenous Ngb, and Hemin plus exogenous Ngb decrease infract volume by cerebral ischemia-
induced injury. Five rats of each group were treated as indicated and sacrificed 24 h after a permanent focal right
cerebral middle artery cerebral ischemia operation. The brains were frozen at -20°C and a total of six consecutive
coronal sections were taken at 2-mm intervals and submitted for TTC stain. Photos of the brain sections were taken
and the volume of the brain infarct were calculated. A: Sham-operation group; B: Operation group; C: Hemin treat-
ment group; D: Exogenous Ngb treatment group; E: Hemin and exogenous Ngb joint treatment group.

complex pathogenesis means that no drug yet
exists that both prevent onset and reverses all
damage from ischemic stroke. Therefore, it is
extremely important to expand research on the
prevention and control of ischemic cerebrovas-
cular disease.

In the present study, we aim to investigate the
protective functions of Ngb in cerebral isch-
emia by examining the increase in exogenous
Ngb expression after cerebral ischemia in rats.
In addition, we provide new information perti-
nent to the prevention and control of ischemic
disease in the future.

Material and methods
Drugs, reagents and antibodies

Hemin and triphenyltetrazolium chloride (TTC)
were purchased from Sigma-Aldrich Co., USA
(hemin was dissolved in NaOH and its pH
adjusted to 7.4 using a phosphate buffer solu-
tion; the concentration was 12.5 g/L). The
recombinant plasmid pCDNA3.1 (+)/Ngb was
purchased from Genechem, Shanghai.
Immunohistochemistry kits were purchased
from Bioss biological reagents Biotechnology
Co., Ltd., Beijing. Goat-anti-Ngb polyclonal anti-
serum was purchased from Zhongshan
Biological Reagent Co., Beijing.

2164

Animals and drug treatments

Healthy adult Sprague Dawley (SD) male rats (n
= 125) with body weights 200~250 g were pur-
chased from the Experimental Animal Center of
Chongqing Medical University. They were divid-
ed into five groups of 25 each: the sham-opera-
tion control group, the operation group, the
hemin treatment group, the exogenous Ngb
treatment group, and the hemin and exogenous
Ngb joint treatment group. For the sham-opera-
tion control group, the skin around the neck
was cut open, the carotid artery and its branch-
es were separated, but no artery ligation or
occlusion was performed. For the operation
group, the permanent focal right cerebral mid-
dle artery occlusion (MCAQ) procedure was car-
ried out. For the hemin treatment group, hemin
(50 mg/kg) was injected intraperitoneally 12 h
before the right cerebral MCAOQ. For the exoge-
nous Ngb treatment group, exogenous Ngb was
stereotactically positioned in the cerebral cor-
tex 24 h before the right cerebral MCAO.
Similarly, for the hemin and exogenous Ngb
joint treatment group, exogenous Ngb was ste-
reotactically positioned in the cerebrum 24 h
before the operation and hemin was injected
intraperitoneally 12 h before the operation. The
rats in each group were divided into five sub-
groups (five in each sub-group), used for immu-
nocytochemistry, RT-PCR, western blot analy-
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Table 1. Comparison between the rat brain infarct
volumes among groups

Group Brain infarct volume (cm?)
Sham-operation control group 0

Operation group 0.426 + 0.021
Hemin treatment group 0.301 £ 0.019

Ngb treatment group 0.299 + 0.032
Hemin and Ngb treatment group 0.248 £ 0.029

Rats were treated as in Figure 1. The infract volume (average +
standard deviation) were shown. The operation group, the hemin
treatment group, the exogenous Ngb treatment group and the he-
min and exogenous Ngb joint treatment group (n = 5/per group) all
had right-side homers symptoms after the operations, that is, they
were unable to stretch the front left paw forward.

sis, TTC staining and brain water content
measurement 24 h after the operations.

MCAO model

A permanent focal right cerebral middle artery
cerebral ischemia model was reproduced
according to the Longa method [5]. The occlu-
sion was inserted from the right common carot-
id artery bifurcation to stop the blood flow to
the right cerebrum. Pre-intraperitoneal injec-
tions of 10% chloral hydrate (0.3 mL/100 g)
were administered to the rats for anesthesia.
Their breathing and heart rate were monitored
during the operations. Rats in all groups were
sacrificed by decapitation 24 h after the
operation.

Brain infarct volume measurement

Five rats from each group were selected and
sacrificed by decapitation 24 h after the opera-
tions. After removing the olfactory bulb, the cer-
ebellum and the lower brain stem, the rest of
the brain was frozen at -20°C before six con-
secutive coronal sections were taken at 2-mm
intervals. They were put into 2% TTC phosphate
buffer solution (pH = 7.4) and incubated in
37°C incubators in the dark for 20 min. Normal
brain tissues were stained deep red, and
infarcted brain tissues appeared white. Photos
of the sections were taken, and Photoshop 7.0
image-processing software was used to calcu-
late the volume of the brain infarct.

Neurobehavioral scores

Rats were scored according to the Longa
5-mark scoring [5] standard when they regained
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consciousness after the operation. The fol-
lowing criteria were used to score the
behavior of the rats: O marks: no neurologi-
cal impairment; 1 mark: not being able to
fully stretch the left front paw; 2 marks:
turning to the left in a circle; 3 marks: top-
pling to the left while walking; 4 marks: not
being able to walk spontaneously, 5 marks:
showing disturbances in consciousness.

Brain water content measurement

Five rats from each group were selected

and sacrificed by decapitation 24 h after

the operation. The brain tissue was taken

out and weighed immediately (using the
dry-wet method) before being dried in an oven
until the weight became constant. The brain
water content was calculated using the formu-
la: Brain tissue water content (%) = (wet weight-
dry weight)/wet weight x 100%.

Immunohistochemistry

The ABC method was used for immunohisto-
chemical reactions. The sections were dewaxed
using xlyene and an alcohol gradient placed in
3% peroxide and incubated for 30 min to stop
the activity of the endogenous -catalase.
Sections were then washed three times with
0.01 mol/L PBS for 5 min each time. The anti-
gens were heat-revived, and the sections were
incubated in normal goat serum working solu-
tion at 37°C for 30 min. The normal goat serum
was discarded, and the goat-anti-Ngb poly-
clonal antiserum (working concentration 1:500)
was added to the sections and incubated over-
night at 4°C. The sections were washed three
times with 0.01 mol/L PBS for 5 min each time
and incubated with horseradish peroxide (HRP)-
labeled active rabbit-anti-goat IgG working solu-
tion at 37°C for 30 min and washed three times
with 0.01 mol/L PBS for 5 min each time. The
sections were then stained for 3-5 min in DAB
(3, 3’-diaminobenzidine) staining solution, re-
stained in hematoxylin, differentiated using
hydrochloric alcohol, and gradient dehydrated.
After the sections were sealed with neutral bal-
sam, photos were taken and analyzed.

RT-PCR
The total RNA in each sample mentioned was

extracted using the TRIzol reagent kit. The
A260/A280 values were measured using a UV
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Table 2. Comparison of neurological scores
among groups

Group Neurological scores
Sham-operation control group 0
Operation group 3.53 +0.027
Hemin treatment group 2.96 + 0.019
Ngb treatment group 3,02 +0.032
Hemin and Ngb treatment group 2.48 + 0.029

Rats were treated as in Figure 1 (n = 5). Neurological scores
were recorded (average + standard deviation).

spectrophotometer. The primers were designed
according to rat Ngb cDNA sequence with
upstream: 5-CGTTGACATCCGTAAAGACCTC-3,
downstream: 5-TAGGAGCCAGGGCAGTAATCT-3.
The amplification product was 110 bp long.
GAPDH was used as an internal control with its
primers as: upstream: 5-GTGAGCCGCAGCCCT-
CTGGAACAT-3 and downstream: 5-AGCAGGGA-
CTCACCTACTGTCG-3. The amplification product
was 296 bp long. Equal amounts (1 ug) of total
RNA were taken from each of the samples men-
tioned above and cNDA was produced using
the AMV reverse-transcription reagent kit. 1 uL
of each of the resultant cDNA was used as a
template in PCR reactions together with Ngb
and GAPDH primers (the volume of the reaction
was 25 L). PCR amplification conditions were
95°C pre-denaturation for 1 min, 95°Cfor 15 s,
58°C for 15 s, and 72°C for 45 s, repeated for
40 cycles. To analyze the result, 5 uL of the PCR
product was subjected to agarose gel electro-
phoresis. The result was recorded using a UV
gel imaging analysis system. ImageJ) software
was used to measure the average grayscale
and area of each electrophoresis band. The
integrated absorbance (IA) of each band was
calculated using the equation (IA) = -log10
[255/(255-gray)] x area. This value represent-
ed the relative concentration of the substances
within the measured regions. Thus, the calcu-
lated IA values (clA) of Ngb enabled us to semi-
quantitatively analyze Ngb expression.

Western blot

Five rats were randomly selected from each
group. Their brains were extracted, placed in
cell lysis buffer, and homogenized at low tem-
perature. They were then left standing for 10
min and 90 uL of 100 g/L NP-40 was added.
They were shaken vigorously for 30 seconds
and centrifuged at 4°C, 13,000 rpm for 15 min.
The supernatant was removed and stored sep-
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arately at -80°C. After the volume of protein
was determined, four times its volume of sam-
ple buffer was added, and the samples were
denatured at 95°C for 5 min. Approximately 30
ug samples were electrophoresed on 10% SDS-
polyacrylamide gel and transferred to nitrocel-
lulose membranes. Band strips were cut
according to molecular weights. Rabbit-anti-
Ngb polyclonal antibody (1:200) and B-actin
monoclonal antibody (1:400) were added to the
corresponding strips and incubated overnight
at 4°C. After washing with TBST, the strips were
incubated separately with biotin-labeled goat-
anti-rabbit 1gG anti serum (1:100) at room tem-
perature with vibration for 1.5 h. They were
then washed with TBST, incubated with avidin-
HRP complex at room temperature for 2 h and
stained with DAB. The specific protein bands
were scanned using B-actin as an internal con-
trol. The grayscale of the bands was deter-
mined using the Quantity-One image analysis
system.

Statistical analysis

Data were analyzed with SPSS13.0, and the
significance level was set at p < 0.05. The
results of semi-quantitative pathological evalu-
ation were compared among hemin and exoge-
nous Ngb joint treatment group and hemin
treatment group and the exogenous Ngb treat-
ment group with Student-Newman-Keuls Test.

Results

Hemin offers neuroprotection in a rat model of
cerebral ischemia

Experiments were conducted to measure brain
infarct volume. After TTC staining, all the rats
from the operation group, the hemin treatment
group, the exogenous Ngb treatment group,
and the hemin and exogenous Ngb joint treat-
ment group showed white regions in the right
cerebral hemisphere cortex and subcortex,
while no white regions were seen in the sham-
operation group. Brain infarct volume was cal-
culated using Image Pro Plus 4.5 (IPP) image
processing software. The vehicle-only group
showed a remarkable high infarct volume
(0.426 + 0.021), while the hemin and exoge-
nous Ngb joint treatment group (0.248 + 0.029)
showed significantly different results compared
with the hemin single treatment (0.301 *
0.019) or Ngb treatment (0.299 = 0.032)
groups (*p < 0.05; Figure 1, Table 1). Our
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Table 3. Comparison of rat brain water content
among indicated groups

Group Brain water content (%)
Sham-operation control group 76.65 + 0.06
Operation group 79.17 £0.73
Hemin treatment group 78.31+0.21
Ngb treatment group 78.23 +0.37
Hemin and Ngb treatment group 77.82 +0.19

Rats were treated as in Figure 1 (n = 5). Brain water content were

measured (average + standard deviation).

results demonstrate that hemin decreases
infarct volume produced by cerebral ischemia-
induced injury. After the MCAO operations, all
rats achieved different neurobehavioral scores
(*p < 0.05; Table 2). Our results demonstrate
that hemin decreases neurobehavioral scores
between different groups.

Hemin decreases brain water content in a rat
model of cerebral ischemia

All the other groups showed significant differ-
ences in brain water content compared to the
control group (**p < 0.01); the hemin and exog-
enous Ngb joint treatment group showed less
water content compared with the hemin treat-
ment group and the exogenous Ngb treatment
group (*p < 0.05); however no significant differ-
ence was seen between the hemin treatment
group and the exogenous Ngb joint treatment
group (Table 3).

Hemin increases expression of exogenous Ngb
in rats under focal cerebral H-I conditions

The immunohistochemical staining of brain
sections showed Ngb immune-positive cells as
brown, with positive areas located in the neu-
ron cytoplasm. The nuclei of the negative con-
trols were stained blue, whereas the cytoplasm
and whole pieces of tissue appeared either col-
orless or light blue, like the background. The
hemin and exogenous Ngb-joint treatment
group showed many more positive neurons in
ischemic regions compared to the two single-
treatment groups. The hemin treatment group
and the exogenous Ngb treatment group did
not significantly differ in the number of positive
neurons, which in both cases was higher than
in the operation group (Figure 2, Table 4).

After the MCAO operation, cerebral cortex Ngb
MRNA expression in the hemin and exogenous
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Ngb joint treatment group was much more
than the two single-treatment groups (ver-
sus the hemin group, **p < 0.01; versus the
exogenous Ngb treatment group, **p <
0.01). There was no significant difference (p
> 0.05) between the hemin treatment group
and the exogenous Ngb treatment group,
which had significantly higher expression
than the operation group (versus the hemin
group, **p < 0.01; versus the exogenous
Ngb treatment group, **p < 0.01; Figures 3
and 4).

After the MCAO operations, Ngb protein expres-
sion was significantly higher in the hemin and
exogenous Ngb joint treatment group than in
either of the two single-treatment groups (ver-
sus the hemin group, **p < 0.01; versus the
exogenous Ngb treatment group, p < 0.01). No
statistical significance (p > 0.05) was found
between the hemin treatment group and the
exogenous Ngb treatment group, both of which
had significantly higher expression than the
operation group (versus the hemin group, **p
< 0.01; versus the exogenous Ngb treatment
group, **p < 0.01; Figure 5).

Discussion

In situ hybridization has indicated that Ngb
mRNA is located inside the neuron cytoplasm
[8]. Immunohistochemistry demonstrates that
Ngb-positive cells are widely distributed in rat
cerebral tissues, with varying densities in dif-
ferent regions and Ngb expression positively
correlated with the degree of tolerance to
hypoxia [9]. In recent years, murine experi-
ments have proven that in acute cerebral
hypoxia-ischemia, the expression of Ngb at the
mRNA and protein levels is increased, which
indicates that Ngb is very sensitive to H/I and
simultaneously produces protective stress
responses [7]. We have conducted the first
study jointly applying hemin and Ngb recombi-
nant plasmid to cerebral ischemia injury, pro-
viding experimental evidence for the capability
of exogenous Ngb to prevent H/I nerve dam-
age, and laying the foundation not only for clini-
cal trials, but also for related social and eco-
nomic benefits [10]. Wang et al. previously
showed that Ngb expression increases during
the acute phase of cerebral ischemic injury,
which similar effects exist in the chronic phase,
and that increased in expression can persist for
2 weeks. They also indicated that the induction
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Table 4. Number of Ngb positive cells in the cerebral

cortex of rats

Figure 2. Hemin increases expression of exogenous
Ngb in rats under focal cerebral Hypoxic-lschemic
conditions. Cerebral cortex Ngb immunohistochemi-
cal examinations of indicated group were shown. A:
Sham-operation group; B: Operation group; C: Hemin
treatment group; D: Exogenous Ngb treatment group;
E: Hemin and exogenous Ngb joint treatment group
(The brown positive substances in the cytoplasm were
Ngb immune-positive neuron cells; the neuron nuclei
were blue; the light blue or colorless cytoplasm was the
negative control).

Experiments showed that hemin had a
substantial inducible effect on Ngb

Group

Number of Ngb positive cells

expression in vitro [12], dependent on

Sham-operation control group 11.55 £ 3.90
Operation group 23.75 £ 5.25
Hemin treatment group 41.58 + 2.46
Ngb treatment group 43.21 +4.74
Hemin and Ngb treatment group 64.92 + 3.66

both concentration and time. The induc-
tion of Ngb by hypoxia and hemin are
controlled by different signaling path-
ways, indicating that these two factors
have different underlying mechanisms

The numbers of Ngb positive cells in the cerebral cortex of indicated

rat group (n = 5) were shown (average + standard deviation).

of Ngb expression had important protective
functions on neurons [11].

2168

[12].

In the present study, we used traditional
methods to build an MCAO model, used
western blotting and RT-PCR to examine
the changes in Ngb protein and mRNA

Int J Clin Exp Pathol 2014:7(5):2163-2171
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Figure 3. The expression of Ngb mRNA in cerebral cortex of different treatments. Rat cerebral cortex of indicated
groups were obtained and total RNA were extracted from tissue homogenate and were analyzed by RT-PCR using
primers appropriate for the Ngb transcripts. GAPDH were used as the internal control. P+H: Hemin and exogenous
Ngb joint treatment group; P: Exogenous Ngb treatment group; H: Hemin treatment group; M: Operation group; B:
Blank; GAPDH: internal control.
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Figure 4. Variation in the expression of Ngb mRNA in the rat cerebral tissues of each group. Rat cerebral cortex
of indicated groups were obtained and total RNA were extracted and analyzed by RT-PCR using Ngb primers. P+H:
Hemin and exogenous Ngb joint treatment group; P: Exogenous Ngb treatment group; H: Hemin treatment group;
M: operation group; B: Blank control.

The expression of Ngb mRNA
The expression of Ngb mRNA

P+H P H M B

expression in rat cortex, and used TTC staining type of globin present in the nervous system,
to measure the area affected by cerebral isch- whose role has been studied extensively. It has
emia. The results showed that when comparing been found to provide oxygen to mitochondria
the hemin and exogenous Ngb joint treatment to increase the neuron’s tolerance to hypox-
groups with the two single treatments, Ngb emia, to remove active oxygen to protect tis-
expression was significantly higher at both sues from oxidizing effects, to detoxify various
genetic and protein levels, whereas the differ- reactions in the body, to play a role in the sig-
ences in the Ngb gene and protein expression naling pathways, and to participate in redox
levels were not profound compared to the reactions in the body [13-16]. Our experiment
hemin treatment group and the exogenous Ngb demonstrates that hemin induces increased
treatment group, but were significant relative to exogenous Ngb expression in focal cerebral H-I
the operation group. Thus, under focal cerebral in rats, paving the way for further research con-
H-l conditions in rats, hemin induced the cerning the inductive mechanisms.
increase of exogenous Ngb expression, yielding
neuroprotective effects. H-1 cerebrovascular disease threatens health
and shortens life expectancy, affecting quality
Our data shows that hemin induces the of life worldwide. With an increasing aging pop-
increase of exogenous expression of Ngb, a ulation, its incidence and mortality rate are
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Figure 5. Hemin, exogenous Ngb, and Hemin plus
exogenous Ngb increases the expression of Ngb
protein in cortex of MCAO rat. Rat cerebral cortex of
indicated groups were obtained and proteins were
extracted from tissue homogenate and analyzed by
Western blots using antibodies against Ngb. B-actin
was used as the internal control. P+H: Hemin and
exogenous Ngb joint treatment group; P: Exogenous
Ngb treatment group; H: Hemin treatment group; M:
Operation group; B: Blank control; B-actin: internal
control.

steadily increasing. However, due to its com-
plex pathogenesis, a drug to prevent the onset
and reverse all of the effects of H-I stroke does
not exist. Therefore, the investigation of hemin
plays an extremely important part in the pre-
vention and control of H-I cerebrovascular dis-
ease. Our present study provides important
experimental data on hemin’s neuroprotective
functions in the strong potential for future clini-
cal application in supporting patients suffering
from acute H-I disease.
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