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Abstract: Objective: To investigate the joint protective effect of exogenous neuroglobin (Ngb) and hemin on ischemic
brain tissue in rats and its possible mechanisms. Methods: Sprague Dawley rats (n = 175) were randomly divided
into five groups (n = 35): sham, ischemia, hemin intervention, Ngb plasmid intervention, and hemin and plasmid
jointintervention. The classic MCAO rat model of focal cerebral ischemia was used. After recovery from anaesthesia,
neurobehavioral testing was performed. The following factors were measured 24 hours post-surgery: brain water
content, infarct volume ratio, neuron apoptosis detected by in situ cell apoptosis technology (TUNEL), Bcl-2 protein
expression detected by immunofluorescence, and Ngb and Bcl-2 protein expression analyzed by western blot. Re-
sults: In the Ngb plasmid and hemin joint intervention group, there were significant reductions (i.e., improvements)
in neurobehavioral scores, brain water content, and infarct volume ratio. The reduction of the number of apoptotic
neurons and the increase in Ngb protein and Bcl-2 protein expression in this group were both significantly differ-
ent from the sham group (P < 0.05). Conclusion: In the event of focal cerebral ischemia in rats, the joint action of
exogenous Ngb and hemin could strengthen the inhibition of cell apoptosis, which achieves its protection effect on

ischemic brain tissues, possibly by up-regulating Bcl-2 protein expression.
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Introduction

Neuroglobin (Ngb), discovered in 2000, is an
oxygen-carrying globulin mainly present in the
central nervous system [1, 2]. Research has
confirmed that reduction in Ngb protein expres-
sion during brain ischemia could lead to hypox-
ic damage to neurons. Overexpression of Ngb
globulin can improve neuronal survival under
hypoxic conditions such as ischemic-hypoxic
brain injuries [3-5]. Hemin induces significant
increases in Ngb protein expression in vitro, an
effect that is dose- and time-dependent. Hemin
intervention in rats with focal cerebral ischemia
induces endogenous Ngb protein expression,
strengthening the protection of neurons. Using
plasmid as carrier for exogenous Ngb protein
up-regulates Bcl-2 gene expression and inhib-
its neuronal apoptosis, yielding a protective
effect in focal cerebral ischemia. Therefore,
this experiment demonstrates the joint protec-
tive effect of exogenous Ngb protein carried by

plasmid and hemin on rat focal ischemic brain
tissues and its possible mechanism.

Materials and methods
Drugs, reagents, and plasmid

Hemin was purchased from Sigma-Aldrich (pre-
paration: Hemin was first dissolved with NaOH;
phosphate buffer was then used to adjust its
pH to 7.14, with a final concentration of 12.5
g/L). Triphenyltetrazolium chloride (TTC) was
purchased from Sigma-Aldrich. TUNEL kit was
purchased from Roche, and the DAB chromo-
genic reagent was purchased from DAKO Cor-
poration. The Bcl-2 immunofluorescence kit
was purchased from Jackson. Bovine serum
albumin, SDS, glycine, acrylamide and TEMED
were purchased from Sigma-Aldrich, and the
PVDF membrane was purchased from Millipore.
Ngb plasmid (containing green fluorescent
EGFP) was prepared by Shanghai Genechem
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Table 1. Comparison of neurological function
scores in different groups of rats

Group Neurologijcal score (point)
Group B o#

Group M 2.71+£0.45

Group H 2.00 £ 0.63**#
Group P 1.86 + 0.35**
Group H + P 1.28 + 0.45*

Sham group (B), ischemia group (M), hemin intervention
group (H), plasmid intervention group (P), hemin and
plasmid joint intervention group (H+ P) (n=7,x s, *P
< 0.05 vs. Group M, #P < 0.05 vs. Group H + P).

Corporation. Plasmid extraction kit was pur-
chased from Omega with an extract concentra-
tion of (800 + 50) ng/uL.

Animals and grouping

Healthy adult male SD rats (n = 175) weighing
250-300 g were provided by the Experimental
Animal Center of Chonggqing Medical University.
They were divided into five groups of 35: sham
(B), ischemia (M), hemin intervention (H), plas-
mid intervention (P), hemin and plasmid joint
intervention (H + P). Sham group rats received
an incision on the neck to separate the neck
blood vessels and their branches, without
artery ligation or the line-embolism blocking
operation. The ischemia group was used in a
rat focal cerebral ischemia model with MCAO.
The hemin intervention group received intra-
peritoneal injection (concentration 12.5 g/L,
50 mg/kg) 12 hours before modeling of MCAO.
The plasmid intervention group received intra-
cranial injection of 3.3 uL recombinant plasmid
at 0.25 uL/min using sterotactic technique 24
hours before modeling, and the hemin and
plasmid group was treated with both interven-
tions. Each group of rats was divided again into
five groups of seven. Chloral hydrate (10%, 300
mg/kg) was injected intraperitoneally into each
rat. Heating units were used during surgery to
maintain body temperature. Breathing and
heart rate were also monitored during surgery.
Neurobehavioral testing was performed after
mice recovered from anaesthesia. Brain water
content, infarct volume ratio, TUNEL staining,
immunofluorescence staining, and western
blot analysis were done 24 hours post-surgery.

MCAO model

The Longa method was used [6] to insert line
embolism at the bifurcation of the right com-
mon carotid artery to block the right middle
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cerebral artery. The animals were euthanized
by decapitation 24 hours after modeling.

Neurobehavioral score

Rats were scored when they awakened after
anesthesia using the Longa 5-point scale [6] as
follows: 4 points: being unable to walk sponta-
neously with disturbance to consciousness; 3
points: swaying to the left when walking; 2
points: circling to the left; 1 point: being unable
to fully extend the left front paw; O point: no
neurological deficits. Rats with scores 1-3 were
included in experimental groups, whereas th-
ose with scores O or 4 were eliminated.

Brain water content detection

The wet and dry weight method was used. Fre-
sh brain tissue, immediately after being weigh-
ed for its wet weight, was placed in an oven for
24 hours until its weight became constant (dry
weight). Brain water content = (wet weight - dry
weight)/wet weight x 100%.

Infarct volume ratio calculation

Seven rats from each group were decapitated
24 hours after surgery and the brains extract-
ed. Olfactory bulb, cerebellum, and lower brain
stem were removed. Coronal slices (2 mm
spacing line) were incubated in a 2% TTC solu-
tion in a dark incubator at 37°C for 30 min.
Normal brain tissue is a dark red color, whereas
infarct tissue is pale white. The brain slices
were captured and edited by Photoshop soft-
ware to calculate infarct volume versus total
brain volume and subsequently determine the
infarct volume ratio: infarct volume/whole brain
volume %.

In situ apoptosis detection (TUNEL)

Paraffin-embedded sections of rat brain tissue
underwent dewaxing, membrane rupture repair
by antigen, endogenous peroxidase activity blo-
cking, DAB staining, re-staining, hydrochloric
acid alcohol differentiation, back blue, and de-
hydration. Their pictures were taken and ana-
lyzed after being mounted with neutral gum.

Immunofluorescence staining

Rat brain tissue slices underwent dewaxing,
antigen heat-revival, overnight primary antigen
incubation, secondary antibody incubation,
DAPI staining, and were eventually mounted
with fluorescence-quenching resistant reagent.
Observation and image acquisition were car-
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Figure 1. Rats’ brain TTC staining results of different treatment groups. Every rat from each group was decapitated
24 hours after surgery. 2-mm spacing line coronal brain slices were incubated in a 2% TTC solution in the dark at
37°C for 30 min. Normal brain tissue carries a dark red color, whereas infarct brain tissue is pale white. Sham
group (A), ischemia group (B), hemin intervention group (C), plasmid intervention group (D), hemin and plasmid joint
intervention group (E).

ried out using an inverted fluorescence micro-
scope.

Western blot analysis

Using protein quantification, electrophoresis,
electric transfer, hybridization and detection,
quantitative analysis was performed on Ngb
and Bcl-2 protein. Optical density scanning was
performed on each sample strip to determine
and statistically analyze the optical density
value of each group.

Statistical analysis

SPSS statistical software was used for analy-
sis; normal-distribution data was presented as
mean * standard deviation (x £ s). The experi-
mental groups were compared using one-way
ANOVA, and inter-group paired comparisons
were examined by LSD.

Results

In a rat model of cerebral ischemia, a dual
regimen of exogenous neuroglobin and hemin
is more beneficial for neuroprotection than
either treatment alone

Because they are simple operations and give
satisfactory results, rat MCAO models are wide-
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ly used in the study of focal cerebral ischemia.
When the rats awaken from a successful oper-
ation, there will be a series of specific behav-
iors, such as extending left front paw, circling to
the left, swaying to the left, circling to the side
when lifting by the tail, or right Horner’s syn-
drome. Grading the severity of the behavior
indirectly assesses the severity of focal cere-
bral ischemia. When focal cerebral ischemia
occurs, a large number of neurons are dam-
aged and edema follows, so that the brain
shows a corresponding increase in water con-
tent. By measuring the water content of the
brain, we can estimate the degree of severity of
the brain infarct. TTC staining, which directly
shows cerebral infarct volume, provides us with
a very intuitive understanding of the severity of
cerebral infarction. Finally, when we compare
the severity of cerebral infarction between
groups given different interventions, we can
assess the strength of the neuroprotection
offered by different drugs.

After the operation rats from groups except the
group sham presented with an inability to
extend the left front paw, circling to the left,
swaying to the left, circling to the side when lift-
ing by the tail, or right Horner’'s syndrome [6].
The sham group showed no neurological defe-
cts.
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Table 2. Comparison of infarct volume ratio in
different groups of rats

Group Brain infarct volume (%)
Group B o#

Group M 47.36 £ 1.75
Group H 36.51 + 1.66**#
Group P 35.93 + 1.99*+#
Group H + P 22.90 + 1.73*

Sham group (B), ischemia group (M), hemin intervention
group (H), plasmid intervention group (P), hemin and
plasmid joint intervention group (H+ P) (n=7,x s, *P
< 0.05 vs. Group M, #P < 0.05 vs. Group H + P).

Table 3. Comparison of brain water content in
different groups of rats

Group Brain water content (%)
Group B 76.00 £ 0.51*
Group M 80.88 + 0.23
Group H 79.55 + 0.31*#
Group P 79.65 + 0.27*#
Group H + P 78.44 + 0.20*

Sham group (B), ischemia group (M), hemin intervention
group (H), plasmid intervention group (P), hemin and
plasmid joint intervention group (H+ P) (n=7,x s, *P
< 0.05 vs. Group M, #P < 0.05 vs. Group H + P).

Compared with the sham group, the four
remaining groups of rats had significantly high-
er neurobehavioral scores, with statistically sig-
nificant differences (P < 0.05) (Table 1). The
three intervention groups all received lower
scores than the ischemia group, with statisti-
cally significant differences (P < 0.05). The
hemin and plasmid joint intervention group (H +
P) received lower scores than the single-factor
intervention groups, with statistically signifi-
cant differences (P < 0.05). The scores the two
single-factor intervention groups received were
not statistically different from each another (P
> 0.05).

Compared with the sham group, the other
groups of rats had significantly higher infarct
volume, with statistically significant differences
(P < 0.05) (Figure 1 and Table 2). The three
intervention groups had lower infarct volume
ratio than the ischemic group, with statistically
significant differences (P < 0.05). The H + P
group showed statistically significantly lower
infarct volume ratio than the single-factor inter-
vention groups (P < 0.05).
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Compared with the sham group, the four other
groups of rats had significantly higher brain
water content, with statistically significant dif-
ferences (P < 0.05) (Table 3). The three inter-
vention groups had lower brain water content
than the ischemia group, with the differences
reaching statistical significance (P < 0.05). The
H + P group had lower brain water content than
the single-factor intervention groups, also rea-
ching statistical significance (P < 0.05). How-
ever, the differences in brain water content bet-
ween the two single-factor intervention groups
were not statistically significant (P > 0.05).

Additive effects of exogenous neuroglobin and
hemin in reducing the numbers of TUNEL-
positive cells

Ischemic central neurons undergo apoptosis
after acute cerebral ischemia. Neurons in the
ischemic penumbra still maintain basic cell
activity, although electrophysiological activity
temporarily disappears [7]. If timely and effec-
tive treatments are given during the acute isch-
emic period, the apoptotic process can be
reversed and nerve function restored [8-11].
Therefore, after ischemia it is crucial to restore
the normal physiological function of neurons as
much as possible by inhibiting neuronal apop-
tosis. In order to assess the protective effect of
exogenous neuroglobin and/or hemin in reduc-
ing neuronal apoptosis, rat brain tissue slices
were examined by in situ cell apoptosis-detec-
tion technology. Compared with the sham
group, rats in the other groups showed a signifi-
cant increase in apoptotic neurons (P < 0.05).
The two single-factor intervention groups were
not significantly different in terms of the num-
ber of apoptotic neurons (P > 0.05), but were
significantly different from the ischemic group
(P < 0.05). The H + P group showed further
reduction in the number of apoptotic neurons
compared with the two single-factor interven-
tion groups (P < 0.05) (Figure 2).

Combinational therapy with exogenous neuro-
globin and hemin significantly increases the
expression of anti-apoptotic protein Bcl-2

Apoptosis, a mode of programmed cell death
under cerebral ischemia, is subject to biological
processes influenced by some genes in cells
and extracellular factors, including the death
receptor-mediated apoptosis pathway and the
mitochondrial-mediated pathway [12, 13]. The
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Figure 2. Rats’ cortex TUNEL staining results of different treatment groups. Apoptotic neuronal nuclei show brown
staining granules; negative control shows no staining. Sham group (B), ischemia group (M), hemin intervention
group (H), plasmid intervention group (P), hemin and plasmid joint intervention group (H + P).

latter is regulated by anti-apoptotic protein
Bcl-2 and other Bcl-2 family members [14]: first-
ly, Bcl-2 family member proteins (e.g. Bcl-2,
Bax, Bcl-xL) specifically change the permeabili-
ty of the mitochondrial membrane; secondly,
Bcl-2 family proteins induce mitochondrial per-
meability transition pore opening. In this study,
immunofluorescence staining was used to eval-
uate the expression of neuronal Bcl-2 protein
so that we could gain a better understanding of
the relationship among neuroglobin, hemin,
and neuronal apoptosis. Immunohistochemical
staining of rat brain tissue slices showed lower
Bcl-2 protein expression in the ischemia group
compared with the other groups of rats (P <
0.05). The two single-factor intervention groups
showed no significant difference in Bcl-2 pro-
tein expression (P > 0.05), but both showed
increased expression compared with the isch-
emia group (P < 0.05). Finally, the hemin and
plasmid joint intervention group showed higher
Bcl-2 protein expression compared with the
two single-factor intervention groups (P < 0.05)
(Figure 3).

Western blot analysis was used to gain a better
understanding of the relationship among neu-
roglobin, hemin, and Bcl-2 protein. Bcl-2 pro-
tein expression levels showed the following: No
significant difference between the ischemia
and sham groups (P > 0.05). The two single-
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factor intervention groups showed significantly
higher levels than the ischemia group (P <
0.05), but were not significantly from each
other (P > 0.05); and the hemin and plasmid
joint intervention group was significantly higher
than the two single-factor intervention groups
(P <0.05).

Western blot analysis was also used to make
sense of the expression of the endogenous
neuroglobin. The sham group had significantly
lower expression than any treatment group (P <
0.05). The two single-factor intervention groups
were significantly higher than the ischemia
group (P < 0.05), but were not significantly dif-
ferent from each other (P > 0.05). Finally, the
hemin and plasmid joint intervention group had
significantly higher levels of Ngb expression
than either of the two single-factor intervention
groups (P < 0.05) (Figures 4, 5).

Discussion

Ischemic cerebrovascular disease is a serious
threat to human health. With the dietary chang-
es already under way, an aging population, and
improvement of diagnostic techniques, the inci-
dence and detection rate will both increase
substantially. Due to the complexity of cerebral
ischemia pathogenesis and the presence of
the blood-brain barrier, single-drug therapy

Int J Clin Exp Med 2014;7(8):2009-2016
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Figure 3. Immunofluorescence staining of rat cortical Bcl-2 protein in different treatment groups. Bcl-2 immunore-
active cells are shown as red particles. Cell nuclei are stained blue and are located in the cytoplasm of neurons.
Negative control showed no staining. Sham group (B), ischemia group (M), hemin intervention group (H), plasmid
intervention group (P), hemin and plasmid joint intervention group (H + P).

pared with the control group

B M H P P+H [18, 19]. All these findings
indicate that Ngb plays an

- E e ] Bcl-2 important protective role for

— — D G @R Ngb

neurons against hypoxic-is-
chemic brain damage [20].
Therefore, the effective inc-
rease of Ngb content in the
central nervous system after
acute ischemia seems to be

= g g oy go- org e 2o WO Actin the key to satisfactory pro-

Figure 4. Ngb and Bcl-2 protein expression levels in rat cortex of each treat-
ment group. B-actin is a loading control. Sham group (B), ischemia group (M),
hemin intervention group (H), plasmid intervention group (P), hemin and plas-

mid joint intervention group (H + P).

often yields unsatisfactory treatment outcomes
and problems such as toxicity [15]. Therefore, it
is important to discover drugs for prevention
and treatment of ischemic cerebrovascular dis-
ease and multi-drug joint treatment methods.

Ngb is an oxygen-carrying globulin present
mainly in the central nervous system of verte-
brate animals [1, 2, 16]. Similar to myoglobin
and hemoglobin, it has high affinity for and
reversibly binds to oxygen. Though Ngb levels
are relatively low in the brain under normal
physiological conditions, in cerebral hypoxic-
ischemic events, Ngb levels increase at both
the mRNA and protein levels [17]. Using gene
overexpression carried by viral vectors for rats
with focal cerebral ischemia showed signifi-
cantly reduced infarct volume compared with
the control group [5]. Reduction of Ngb expres-
sion using antisense oligonucleotides resulted
in significantly higher brain infarct volume com-
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tective effects on neurons.

Experimental overexpres-
sion of genes commonly ma-
kes use of carriers such as
viruses and plasmids. How-
ever, although viral transfec-
tion is efficient, it can easily induce gene muta-
tions, cytotoxicity, can cause inflammation, and
has low exogenous gene content. Therefore, it
is not suitable for clinical use. Plasmid vectors
attracted a lot of research attention because
they are non-immunogenic, safe, and have high
exogenous gene content [21, 22]. Experiments
confirmed that plasmid-mediated Ngb gene
transfer into the brain could rapidly produce a
protein concentration in nerve cells capable of
protecting them from or reversing hypoxic-isch-
emic damage. In addition, Ngb inhibits focal
ischemic apoptosis in neurons through up-reg-
ulation of Bcl-2 gene expression, protecting
focal ischemic tissues [23] and achieving fast
and direct protection from hypoxic-ischemic
brain injury [24].

Hemin is a product of heme oxidation that is
involved in oxygen transportation and storage,
energy production, and regulation of oxidative

Int J Clin Exp Med 2014;7(8):2009-2016
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Figure 5. Bcl-2 and Ngb protein expression levels in rat cortex of each treatment group. Figure A shows Bcl-2 protein
expression. Figure B shows Ngb protein expression. Sham group (B), ischemia group (M), hemin intervention group
(H), plasmid intervention group (P), hemin and plasmid joint intervention group (H + P) (n =7, *P < 0.05).

damage. Experiments confirmed that hemin in-
duces significant in vitro enhancement of Ngb
expression, in a dose- and time-dependent ma-
nner [25]. Experiments also confirmed that
hemin induces increased exogenous expres-
sion of Ngb [26].

This study showed that in rat focal ischemic
events, the combined effects of exogenous Ngb-
carrying plasmid and hemin significantly im-
proved neurobehavioral scores, brain water
content, infarct volume ratio, number of apop-
totic neurons, and Ngb and Bcl-2 protein expre-
ssion compared with no intervention or single-
factor intervention. This suggests that the joint
effect of exogenous neuroglobin-carrying plas-
mid and hemin also induced an increase in
Bcl-2 protein expression, possibly through en-
hancing Ngb protein expression. This inhibited
neuronal apoptosis and eventually significantly
reduced the number of apoptotic neuronal
cells, infarct volume ratio, brain water con-
tent, and neurobehavioral scores, ultimately
protecting focal ischemic brain tissues. Through
novel interventions, different drug-delivery rou-
tes, and administration of drug combinations, a
more timely, faster, more effective, and safer
treatment for ischemia disease was created.
This lays the foundation for further clinical
applications. The neural interactions between
Ngb and hemin merit further study.
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