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Abstract Excessive accumulation and deposition of
amyloid-beta (A3) has been considered as a pivotal event in
the pathogenesis of Alzheimer’s disease (AD). Neuronal apo-
ptosis is one of the characteristics of AD, which is a possible
mechanism underlying A3-induced neuronal neurotoxicity.
Neuroglobin (Ngb) is a newly discovered vertebrate heme
protein that exhibits neuroprotective functions against cell
death associated with hypoxic and amyloid insult. However,
until now, the exact mechanism of neuroglobin’s protective
action has not been determined. To investigate the potential
neuroprotective roles and mechanisms of Ngb, transgenic AD
mice (APPswe/PSEN1dE9) and SH-SYSY cells transfected
with pAPPswe were enrolled into the study. In vivo, overex-
pression of Ngb via intracerebroventricular injection with
pNgb attenuated memory, cognitive impairment, and plaque
generations. In pAPPswe transfected SH-SYSY cells, Ngb not
only decreased the generation of Af34,, but also attenuated
mitochondrial dysfunction and apoptosis through suppressing
the activation of caspase-3, caspase-9 by Akt activating phos-
phorylation, which were restrained by phosphatidylinositol 3-
kinase inhibitor (LY294002). Our data indicate the anti-
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apoptotic property of Ngb may play a neuroprotective role
against AD.
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Akt pathway - Alzheimer’s disease

Introduction

AD is the most common chronic neurodegenerative disorder
which affects elderly people, characterized by a progressive
decline in cognitive function and learning in clinical setting.
Usually, it is considered that senile plaques (SPs), formation of
neurofibrillary tangles (NFTs) and neuron loss are three major
pathological hallmarks of AD. And, neuronal apoptosis is the
main manifestation of neuronal loss (Yuan and Yanker 2000).
Excessive accumulation of A3 peptide has been proposed as
not only a common pathway in the pathogenesis of AD in-
duced by various reasons, but also a key factor that induces
neuronal apoptosis and leading to cognitive dysfunction
(Golde et al. 2006), although the precise mechanism by which
Af3 induces neuronal apoptosis is still unknown.

Caspases family is a type of specific apoptotic signal trans-
duction molecular. Its activation is considered to be one of the
most critical elements in the mechanisms of apoptosis. There
are two main initiation pathways of apoptosis: the death re-
ceptor (extrinsic) pathway and the mitochondrial (intrinsic)
pathway. The latter can be triggered by various cytotoxic
stresses, cytochrome c in the presence of dATP initiates the
oligomerization of Apaf-1 (apoptotic protease activating
factor-1) into a large protein scaffold, the apoptosome, which
recruits and processes pro-caspase 9 into an active initiator
caspase 9. The initiator caspase 9 then activates the execution-
er caspases, such as caspase 3, which brings about the apopto-
tic destruction of the cell. It has been proved that caspases not
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only mediate the process of apoptosis of cortical and hippo-
campal neurons of AD (Yu et al. 2010), but also relate with
AP (Hoi et al. 2010), A3 precursor protein (APP) (Francois
etal. 1999), Presenilin 1 (Hedskog et al. 2011), and NFTs (De
Calignon et al. 2010), all of which are tightly related with the
pathogenesis of AD. Therefore, how to inhibit the activity of
caspases related with neuronal apoptosis may be a pivotal
strategy for prevention and treatment of AD (Galimberti and
Scarpini 2011).

Neuroglobin (Ngb) is a newly discovered oxygen-binding
globin protein family by Burmester et al. (2000). Ngb is wide-
ly distributed in the human body, including cerebral cortex,
hippocampus, thalamus, hypothalamus, and cerebellum and
other organs with endocrine function. Previously, most studies
were focused on the role played by Ngb in neuronal protection
in response to cerebral hypoxia and ischemia injury in vivo,
such as stroke (Jin et al. 2010). Recently, a few studies sug-
gested that Ngb also plays a neuroprotection against AD
(Fordel et al. 2006). However, the molecular mechanisms of
the protection of Ngb against AD remains largely not eluci-
dated (Wei et al. 2011; Richard et al. 2008).

It has been suggested that Ngb is an inducer of PI3K/Akt
signaling pathway (Antao et al. 2010), which is an important
method of treatment with degenerative disease in future (Zhao
et al. 2011). Moreover, it is known that caspase 9 is a down-
stream target gene of PI3K/Akt pathway (Redlak and Miller
2011), and once its activated form (phosphorylated caspase 9)
was inhibited, the apoptosis process would be avoided, so, we
hypothesized that the protective role against A {3-induced ap-
optosis provided by Ngb could arise from its intervention of
caspase activity by activating PI3K/Akt signaling pathway.

Materials and Methods
Animals

Double-transgenic mice (APPswe/PS1dE9) used in this study
were purchased from Nanjing Institute of Animal Model.
They all expressed a chimeric human amyloid precursor pro-
tein containing the Swedish mutation (HuAPP695swe) and a
mutant human presenilin 1 (PS1-dE9) gene. All mice were
housed in plastic cages (three to four mice/cage) with free
access to food and water and were maintained under con-
trolled conditions of humidity (5010 %), light (12/12-h
light/dark cycle), and temperature (23 °C=+1).

All procedures were in accordance with the Guide for the
Care and Use of Laboratory Animals adopted by the National
Institutes of Health (USA) and approved by the Ethical
Committee of Chongqing Medical University, China.
Twelve male and 12 female APP/PS1 double transgenic mice,
aged 13 months, weighing 30-35 g, were randomly split into
three groups: intracerebroventricular injection with normal

saline, saline+pCDNA3.1 (empty vector), pCDNA3.1+
pNgb, respectively.

Intracerebroventricular (ICV) Injection

All the mice were anesthetized by intraperitoneal injection of
about 1 mL 10 % chloral hydrate (3.5 mL/kg) and held by the
head on the stereotaxic instrument (Taimeng, Chengdu,
China). A polyethylene cannula was implanted into the lateral
ventricle (coordinates of 0.2 mm posterior, 1.3 mm lateral, and
2.5 mm ventral to the bregma) and secured to the skull with
dental cement. About 5 pL of saline, saline+pCDNA3.1
(1 mg/mL), pPCDNA3.1 (1 mg/mL)+pNgb were injected into
lateral ventricle, respectively, once a week, continuously for
8 weeks (Zhu and Tang 2010).

Reference Memory Protocol by Morris Water Maze

In this task, the mice received five training sessions (one ses-
sion/day) and a probe trial on the 6th day. Each session
consisted of four trials with a 15-min interval. A trial began
when the mice was placed in the water at one of the four
starting positions, chosen at random, facing the wall. The or-
der of the starting position varied in each trial and any given
sequence was not repeated on acquisition phase days. The
mice were given 60 s to locate the platform. If the animal
did not succeed, it was gently guided to the platform and left
on it for 10 s. Mice were dried and returned to their home
cages after each trial. The latency to find the platform was
measured in each trial and the mean latency for each training
day was calculated. The probe consisted of a single trial, as
described before, with the platform removed. Here, the latency
to reach the original platform position, the number of cross-
ings over that place and the time spent on the target, as well as
in the opposite quadrants, were measured. Sessions were re-
corded with a video acquisition system. Videotapes were used
by a trained observer using the software. Videos were subse-
quently placed in randomized order in a separate ANY-maze
protocol to be scored by a trained observer blind to the exper-
imental condition using a keyboard-based behavioral tracking
system.

Cell Culture and Plasmid Transfection

To achieve high expression, a cDNA encoded with wild type
Ngb was synthesized using a modification of recursive PCR
strategy. First, vector GV144 was enzymed by Xhol/Bam HI
(Gene Chemical Tech Com., Shanghai, China). Then, the
primer of Ngb was designed, former: 5-TCC GCT CGA
GCT ATG GAG CGC CCG GAG CCC GA'-3; reverse: 5'-
ATC GGG ATC CTT ACT CGC CAT CCC AGC CTC GA'-
3. The PCR product was connected into the linear vector and
identified with restriction enzyme site-Bam HI/Xhol. Finally,
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the positive RT-PCR products were cloned and sequenced.
After verification, pNgb transformation was performed with
a plasmid extraction kit (TianGen Biochemical Co. LTD,
Beijing, China). Finally, the extracted pNgb was dissolved
with EB fluid, and the concentration of pNgb was measured
by a Fluorescence Spectrophotometer ND-1000. The human
neuroblastoma cell line SH-SYS5Y was cultured in Dulbercco
modified Eagle medium (DMEM) supplemented with 10 %
fetal bovine serum, 2 mM glutamine, 100 pg/mL
Streptomycin, and 100 units/mL Penicillin. Cells were main-
tained at 37 °C in an incubator containing 5 % CO,. One day
before transfection, cells were grown in 75-cm? flasks to ap-
proximately 70 % confluence: cells of each flask was
transfected with 8.0 ng pAPPswe (gifted by Prof. Weihong
Song, The University of British Columbia, Vancouver, BC,
Canada) or 4.0 pug pNgb (Genechem Com, Shanghai, China)
using 30 pL of Lipofectamine®®®® Reagent (Invitrogen, USA)
with Opti-MEM® Medium to show high enough transfection
efficiency according to the manufacturer’s instructions (Zhang
et al. 2011). For LY294002 treatment, the concentration was
5.0 uM in the culture medium.

Cell Viability Assays

Cell viability was measured using the MTT reduction assay as
described previously (Wang et al. 2014). After the experi-
ments, MTT was added to each well and incubated at 37 °C
for different time. Then, the insoluble formazan was dissolved
with dimethyl sulfoxide; the reduction product was measured
by reading absorbance at 540 nm in a Universal Microplate
Reader (Gene Company, USA).

Measurement of A3 by ELISA Assay

Conditioned media were collected from cells and mice brain
tissues were harvested. Protein inhibitors and AEBSF were
added to the media to prevent degradation of A3 protein.
The concentration of Af40,4» Was detected by AP 14>
Colorimetric ELISA kit according to the manufacturer’s in-
structions. For brain samples, the values of A34, concentra-
tion were normalized with total brain protein concentrations
and expressed in nanograms of A 34, per milligram total pro-
tein (nanogram per milligram of protein).

Mitochondrial Membrane Potential

The mitochondrial membrane potential was measured using
JC-1 fluorescent dye kit (Beyotime Institute of Biotechnology,
Beijing, China). According to the manufacturer’s instruction,
the transfected SH-SY5Y cells were incubated with JC-1 dye
for 30 min. After incubation, cells were rinsed with PBS. The
emission signals at 590 and 529 nm elicited by excitation at
514 nm were measured with a spectrofluorometer. The ratio of
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the signal at 590 nm over that at 514 nm (red/green ratio) was
then calculated.

Cell Apoptosis Assessment by Flow Cytometry

For cells apoptotic analysis, the SH-SYS5Y cells were seeded
in a 6-well culture plate at a concentration of 1 x 10 cells/well
and cultured in an incubator with DMEM medium +10 %
FBS. After different treatment, the cells were harvested,
washed twice with ice-cold PBS and resuspended in the dark
with AnnexinV-FITC and PI (KeyGEN Biotech, Nanjing,
China) buffer for 15 min at room temperature. Cells were then
analyzed with a flow cytometry. Cells were considered to be
apoptotic when they were either Annexin V+/PI— (early apo-
ptotic) or Annexin V+/PI+ (late apoptotic).

Immunohistochemistry and Image Analysis

The staining protocol employed a modified streptavidin-HRP
immunohistochemistry procedure (CoWin Century
Biotechnology, Inc, China). Briefly, after initial
deparaffinization, endogenous peroxidase activitity was
blocked with 0.3%H,0,. Deparaffinized sections were
microwaved in 10 mmol/1 citrate buffer (pH 6.0). The sections
were pretreated with normal goat serum for 30 min at 37 °C
and were incubated overnight with the rabbit anti-mouse A3
4> monoclonal antibody (Bioss, Beijing, China, 1:500). The
slides were treated with peroxidase-conjugated streptavidin
and visualized by the diaminobenzidine (DAB) Kit (CoWin
Century Biotechnology, Inc, China), and sections were coun-
terstained with hematoxylin. For quantitative analysis, immu-
nostaining in the cortex and hippocampus was defined as the
percentage of A[31_4; positive area in relation to the total area,
the image analysis was done as described previously (Lim
et al. 2001).

Western Blot Assay

Tissues were lysed with PRO-PREP™ liquid (Beyon,
China) in the presence of a protease inhibitor cocktail
(Roche, Welwyn Garden, Hertfordshire, UK). Lysates
were then spun at 13,000xg for 15 min at 4 °C. The total
protein concentration was determined by the Bradford
method employing a Universal Microplate Reader (Gene
Company, Hong Kong) at 595 nm. Equal amount (50 png)
of total protein was separated by 10 % SDS-PAGE gels
and transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MS, USA). The membranes
were blocked in 5 % solution (TBS-T containing non-fat
milk) 1 h and were incubated with primary antibodies
directed against neuroglobin (Bioworld Technology,
USA) pAkt (Bioworld Technology), Akt (Bioworld
Technology), caspase-3 (Bioworld Technology), caspase-
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9 (Bioworld Technology), and {3-actin (Bioss Technology
Limited Company, Peking, China), diluted in 0.1 % (v/v)
non-fat dry milk powder and incubated overnight at 4 °C.
After washing, bounded antibodies were detected by in-
cubation for 1-2 h at room temperature with secondary
peroxidase-conjugated anti-mouse or anti-rabbit antibod-
ies (Zhong Shan Golden Bridge Bio-tech Company,
China). Membranes were then developed using a commer-
cial enhanced chemiluminescence system (Bio-Rad, USA)
and quantitated using Quantitive One Image Analysis
(Bio-Rad, USA).

Statistical Analysis

All the data were normally distributed, and presented as
means=SD; the homogeneity test for variance was performed
using SPSS 11.5 software. The significance of differences
between the groups was judged using one-way ANOVA
followed by Bonferroni post hoc test, the difference of escape
latency was analyzed with two-way repeated measures
ANOVA followed by Bonferroni post hoc test. Results were
considered statistically significant at P<0.05.

Results

Ngb Improves the Memory and Cognition Function
of the APP/PS1 Transgenic Mice

We tested spatial learning and memory of mice with Morris
water maze 8 weeks after ICV. All mice from each group
showed a day-to-day decrease trend in escape latency, after
4 days tests, APP/PS1 mice ICV with pNgb displayed sig-
nificantly shorter escape latencies(38.5+£2.0 s) than the
Saline group (44.5£2.3 s) and the empty vector group
(45.7£1.8 s) (P<0.01) (Fig. 1a). Furthermore, APP/PS1
mice treated with pNgb crossed the platform location more
times after the platform was removed (Fig. 1b), spent sig-
nificantly more time within target quadrant (Fig. 1d) and
traveled longer distance in the target quadrant (Fig. 1d),
compared to the mice ICV with Saline or empty vector,
the pNgb group not only had crossed the quadrant more
number of times, but also had a longer staying time and
covered a longer distance in the quadrant, and there was a
statistical significance (P<0.05). We still tested mice on the
visible platform task and found no differences among the
three groups in their latency to find the visible platform
(data not shown). The improved learning and memory func-
tion of the APP/PS1 mice ICV with pNgb was indicated by
reduced escape latency, increased target quadrant occupa-
tion, and more frequency of platform crossings.

Overexpression of Ngb Significantly Attenuates A 342
Deposition and Production in the APP/PS1 Transgenic
Mice

Extracellular accumulation of amyloid beta is one of the main
neuropathological features of AD. To determine the effect of
Ngb on A3 deposition, we analyzed A3 burden in 13 months
old APP/PS1 transgenetic mice treated with pNgb for 8 weeks.
The transgenetic mice treated with Saline or with empty vector
show large, round and compact A3 plaques mainly distributed
in the cortex (Fig. 2a) and hippocampus (Fig. 2b). The mice
treated with pNgb showed decreased A3 plaques of cortex
(Fig.2a) and hippocampus (Fig. 2b) in size and number.
Quantification of A} burden which was expressed as percent-
age of A3 positive area per total area, showed a significantly
decreased Af3 load in cortex (1.08+0.12 %; Fig. 2c) and hip-
pocampus (0.324+0.09 %; Fig. 2d) of transgenetic animals
treated with pNgb in comparison to cortex (1.40+0.16 %)
and hippocampus (0.54+0.10 %) of transgenetic animals
treated with Saline or cortex (1.41+0.21 %) and hippocampus
(0.53+0.13 %) of transgenetic animals treated with Empty
vector (Fig. 2¢, d; P<0.05).

To determine whether AP342 production was effected by
pNgb, we measured cerebral levels of and Af34, in whole-
brain homogenates using specific sandwich ELISAs. The con-
centration of Af34, in mice intracerebroventricularly treated
with saline or empty vector was 105.9+13.5 pg/mg protein,
107.4+14.7 pg/mg protein, respectively (Fig. 2¢; p>0.05).
While, the concentration of A3, was significantly decreased
to 79.5+22.5 pg/mg protein in comparison to the mice treated
with saline or empty vector (Fig. 2e; P<0.01), which indicated
that Ngb inhibited A 34, production.

Overexpression of Ngb Promotes pAPPswe-Transfected
SH-SYSY Cell Survival and Inhibits Apoptisis

To detect the effect of overexpression of Ngb on the cell via-
bility, cellular responses were assessed by MTT assay. In SH-
SYSY cells only transfected with pAPPswe as control, the
absorbance at 540 nm was 0.687+0.098, and absorbance
was 0.704+0.053 in pAPPswe cells transfected with empty
vector, these two groups showed no significant difference
(»p>0.05; Fig. 3a). In pAPPswe cells transfected with pNgb
for 48 h showed significant difference with absorbance 0.883
+0.074, compared to control or empty vector group (n=6,
#P<0.01, vs. control, ¥*P<0.01, vs. Vector), which indicated
that overexpression of Ngb can improve the cell survival of
pAPPswe-transfected SH-SY5SY cell.

Flow cytometric analysis was performed to study the influ-
ence of overexpression of Ngb on the apoptotic behavior of
the APPswe-transfected SH-SYSY cells (Fig. 3b). The per-
centage of apoptotic cells were characterized as those that
stained with Annexin-V and membrane integrity was
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Fig.1 The Morris water maze test of mice. a Escape latencies of mice in
the water maze during the five consecutive days test. Two-way repeated
measures ANOVA followed by Bonferroni post hoc test, p<0.0001, F=

354.1. APP/PS1+pNgb versus APP/PS1+saline, p<0.001, /=9.681.
APP/PS1+pNgb versus APP/PS1+empty vector, p<0.001, t=4.572. b

saline Empty vector

simultaneously assessed by propidium iodide (PI) exclusion.
The ratios of the early apoptotic cells were calculated to be
0.78+0.27 and 0.93+0.33 % for the control and empty vector
group, respectively, which were higher than that of pNgb
group (0.24+0.11 %). Similarly, the ratios of the later apopto-
tic cells in control (4.43+1.50 %) and empty group (4.04+
0.59 %) were higher than that of the pNgb group (2.53+
1.03 %).

Overexpression of Ngb Improves Mitochondrial
Membrane Potential in pAPPswe-Transfected SH-SYSY
Cell

The decrease of mitochondrial membrane potential is an early
sign of cell apoptosis, and it can be easily detected through the
transformation of JC-1 into green fluorescence from red fluo-
rescence, which can be as an indicator of early sign of cell
apoptosis. In the cells transfected only with pAPPswe, the JC-
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1 ratio of red to green fluorescence was 50.7+3.5 %, while the
ratio was 52.4+4.2 % in the vector, and there was no signif-
icant difference between the two groups. In pAPPswe cells
after transfection with pNgb, the ratio was 76.5+5.9 %, and
there was a significant increase compared to the pAPPswe
group or empty vector (n=4, *P<0.01 vs. Vector, #P<0.01
vs. control, Fig. 4). The data suggest that overexpression of
Ngb improves mitochondrial membrane potential and attenu-
ates mitochondrial dysfunction. The ratio of the signal at
590 nm over that at 514 nm (red/green ratio) was then
calculated.

Overexpression of Ngb Significantly Attenuates A 342
Production in pAPPswe Transfected SH-SYSY Cells

In this study, A342 deposition and production in the APP/
PS1 transgenic miceAs were attenuated by overexpressed
Ngb, and we also confirmed the experiment in cell lines.
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Fig. 2 Overexpression of Ngb significantly attenuates A4, production
and load in the APP/PS1 transgenic mice. Immunohistochemistry of A3
plaques in cortex (a) of and hippocampus (b) of the mice in the three
groups were studied with Af3;_4, monoclonal antibody (*100). The am-
yloid burden in cortex (c) of and hippocampus (d) was expressed as the

In media of pAPPswe-transfected SH-SYSY cells (as ve-
hicle group), the concentration of Af342 was 34.1+3.5 pg/
mL. And after transfection with vector, the concentration
of APB42 in pAPPswe-transfected SH-SYSY cells treated
with empty vector was 33.5+4.7 pg/mL, no significant
difference between these two groups (p>0.05, ns: not sig-
nificant, Fig. 5). While, the concentration of Af342 in was
significantly decreased by overexpression of Ngb to 21.3
+2.5 pg/mL compared with that in vehicle group or empty
vector group (n=3, ***P<0.001).

Overexpression of Ngb Inhibits Caspase-3/9 Protein
Expression Through Activating PI3K/Akt Pathway
in Vitro and in Vivo

The overexpression of neuroglobin in vivo and vitro were
verified by western blot. The SH-SYSY cells were
transfected with 1.0, 2.0, 4.0, and 8.0 pg pNgb, which

Saline

AB42 (pg/ml protein)

Empty vector  pNgb Saline  Empty vector  pNgb

percentage of AP42-positive area in relation to the total area. The con-
centration of Af34, of mouse brain was detected by ELISA Assay (e),
A4 concentration was normalized to brain protein concentration which
was expressed as ng/mg protein. All the data are shown as means+SD.
(n=8, *P<0.05, **P<0.01. ns: non-significant. Scale bar, 200 um)

showed the high expression of neuroglobin was found in
the transfection with 4.0 ug pNgb (Fig. 6a). Also, when
the APP/PS1 transgenetic mice intracerebroventricularly
injected with pNgb showed stably high expression of
neuroglobin (Fig. 6b), caspase activity was considered as
an indicator of apoptosis. In the previous study, we foud
that Ngb could improve mitochondrial potential of the
cells, that is to say that Ngb could inhibit apoptosis in-
duced by the generation and deposition of much more
ApB. So, we further investigated the effect of Ngb on the
two important members of caspase family, caspase-3 or
caspase-9, and explored its potential pathway. As shown
in Fig. 6, Caspase-3 and caspase-9 expressions at protein
level were inhibited in pAPPswe-transfected SH-SYSY
cells treated with pNgb, compared to the control and the
vector group (**P<0.01, Fig. 6¢c, d). Furthermore, we
studied caspase-3 and caspase-9 expression in vivo.
Expression of caspase-3 and caspase-9 at protein level
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empty vector (p>0.05). In pAPPswe, cells transfected with pNgb for 48 h
showed significant difference in comparison to control or empty vector
group(n=6, ***P<0.001, ns: non-significant). Data were expressed as
optical density (OD) values. b The apoptotic behavior of the APPswe-
transfected SH-SYSY cells were analyzed by flow cytometry. The per-
centage of apoptotic cells were characterized as those that stained with
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Fig. 4 The effect of pNgb on the mitochondrial membrane potential
assessed by JC-1 ratio. The mitochondrial membrane potential of
pAPPswe transfected SH-SYSY cells treated with pNgb. The mito-
chondrial membrane potential was decreased in pAPPswe transfected
SH-SYS5Y cells before transfection with empty vector or pNgb. Then,
empty vector or pNgb (4.0 pg/106) was transfected into the cells for
48 h. After treated with pNgb, the JC-1 ratio of pAPPswe transfected
SH-SY5Y cells was significantly increased (*P<0.001) however in
empty vector treated group had no difference in comparison to that
of pAPPswe transfected SH-SY5Y cells (p>0.05, ns: non-significant).
SH-SYS5Y cells before transfection with pAPPswe was used as con-
trol for JC-1 ratio (100 %)
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Annexin V-FITC

Annexin-V and membrane integrity was simultaneously assessed by
Propidium lodide (PI) exclusion. Flow cytometry profile represents
Annexin-V-FITC staining in x axis and Pl in y axis. The ratios of the early
apoptotic cells were calculated to be 0.78+0.27 % in control group and
0.93+0.33 % in empty vector group, which were higher than that in pNgb
group (0.24+0.11 %). Similarly, the ratios of the later apoptotic cells in
control (4.43+1.50 %) and empty vector group (4.04+0.59 %) were
higher than that of the pNgb group (2.53+1.03 %). Experiments were
repeated three times

was significantly decreased in the ICV with pNgb group,
compared to saline group and the empty vector group
(**P<0.01, Fig. 6e, f). Phosphorylation of Akt was sig-
nificantly induced in pAPPswe-transfected SH-SYSY
cells treated with pNgb (**P<0.01, vs control or vector,
Fig. 6¢, d) without any induction of total Akt in all the
groups (p>0.05). To analyze the PI3K/Akt signaling path-
way which could participate in the neuroprotective mech-
anism of Ngb, the cells were treated with PI3K inhibitor
LY294002 and the expression of Akt (total Akt and pAkt)
and expression of caspase-3and caspase-9 were analyzed.
We found that PI3K inhibitor LY294002 could counteract
the effect of Ngb on the expression of caspase-3 or
caspase-9 and pAkt (##P<0.01, vs pNgb, Fig. 6¢, d).

Discussion

It is well-known that deposition of A3 within the cerebral
cortices not only leads the formation of SPs, but also induces
neuronal apoptosis, which are key pathogenesis of AD (Zara
etal. 2011). AP is cleaved by 3- and y-secretase from APP in
an abnormal way. The neurotoxicity of A is manifested in
many forms. Especially, neuron apoptosis induced by A3 may
be tightly linked with cognitive dysfunction (Song et al.
2015). Therefore, depressing the generation of A3 may enable
delayed occurrence of apoptosis or prevention of apoptosis
altogether in AD.

Ngb is a newly discovered oxygen carrying globulin in
human and murine brain. It is expressed in various regions
of the brain and at particularly high levels in neurons, some
endocrine cell types and in retinal rod cells. Previous studies
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Fig. 5 The concentration of AB342 of pAPPswe transfected SH-SYSY
cells treated with pNgb. The pAPPswe transfected SH-SYSY cells pro-
moted the production of Af342, then, we transfected pNgb (4.0 pg/106)
into pAPPswe transfected SH-SY5Y cells for 48 h and assessed the con-
centration of A342 by ELISA. In pNgb-treated group, the concentration
was significantly decreased. There was no difference between pAPPswe
transfected SH-SY5Y cells (vehicle group) and empty vector group. The
values represent mean+SD (n=3, **P<0.01, ns: not significant)

have already documented that overexpression of Ngb can play
its antiapoptotic neuroprotective roles against the brain from
damage by AD (Brittain et al. 2010; Khan et al. 2007).
However, its mechanisms remain mysterious and not fully
elucidated. The aim of our work was to evaluate the effects
of Ngb on the generation of A3 and A3-induced damage, and
to explore the potential mechanisms and the downstream sig-
naling events in vitro and in vivo.

Human neuroblastoma cell line SH-SYS5Y is one kind of
tumor cells with low differentiation, and it has similarity with
normal nerve cells at cell morphology, physiology and bio-
chemical functions. In previous study, we have used SH-
SYSY cells as an experimental model to study the pathogen-
esis of AD and its preventive measures (Zhang et al. 2011).
Therefore, we still inferred that SH-SYSY cells transfected
with pAPPswe to mimic the characteristic of AD as a valid
model in the current in vitro experiments.

Previous studies have already demonstrated decreased Ngb
levels with age in several human and rat brain regions, sug-
gesting a possible relation between Ngb deficiency and age-
related neurodegeneration (Sun et al. 2005; Szymanski et al.
2010). Furthermore, Sun et al. (Sun et al. 2013), measured
Ngb levels by western blot and immunostained hippocampal
sections for Ngb, cell-type protein markers, and Af3 in brain
tissue obtained at autopsy from patients with AD. The results
suggest that at least hippocampal Ngb is increased in early and
moderately advanced AD, returning toward control levels in
severe AD, suggesting the expression of Ngb was in a dynam-
ic change with the changes of severity of AD. Therefore, 13-
months-old double transgenic AD mice were enrolled, and the

expression of Ngb was very low and they should be suitable
for the study in vivo.

Firstly, in the study in vitro, Ngb overexpressed cells, de-
rived from a neuroblastoma SH-SYSY cell line transfected
with pAPPswe, not only have significantly increased resis-
tance to cell death and promoted survival rate, but also have
remarkedly suppressed A3 generation and counteracted the
mitochondrial dysfunction and apoptosis induced by exces-
sive Af3. While, in vivo study results showed that after ICV
with pNgb, overexpression of Ngb not only has improved the
spatial memory and cognition functions of the mice, but also
has significantly decreased the production of A3 and Af3-
induced apoptosis cells. Then, the potential mechanisms of
the effects of overexpression of Ngb were explored.

The exact mechanism by which Ngb achieves its neuropro-
tective activity in CNS disease is still controversial. A number
of potential roles have been suggested for Ngb since its dis-
covery in 2000. At first, researches took it for granted that Ngb
could provide a reserve oxygen strore because it was a newly
carrying oxygen globin and it was similar to other heme pro-
tein such as myoglin and hemoglobin. However, further stud-
ies have showed that Ngb undergoes rapid autoxidation and
has a relatively low binding rate with oxygen (Schmidt et al.
2003; Brunori and Vallone 2006). Then, another viewpoint
was proposed: Ngb was a nitric oxide (NO) scavenger (Zara
etal. 2013; Singh et al. 2013). Recently, neuroglobin has been
shown to inhibit Racl-mediated actin assembly and aggrega-
tion of membrane microdomains which are involved in regu-
lation of death-signal transduction pathways (Hajra and Liu
2004). In fact, there existed many reports about an anti-
apoptotic effect of Ngb both in hypoxic ischemic diseases
(Hajra and Liu 2004) and in neurodengenerative diseases
(Ord et al. 2013). Our results in vitro and in vivo were also
in accordance with the viewpoint.

The activation of caspases is considered to be one of the
most critical elements in the mechanisms of apoptosis.
Many studies have shown that caspases activation is tightly
related with the pathogenesis of AD. Li et al. (2011) ob-
served that the activity of caspase-2, 3, 6 was increased
during the apoptosis in astrocytes and cerebellar granule
cells induced by excess A3. And the inhibitor of caspase-
2, caspase-3, caspase-6 have obviously played protective
role against apoptosis, respectively. Francois et al. (1999)
have proved that APP has three splice cites of caspase-3:
(P4)DNVD '"°7(P1)/S, (P4) DYAD?'? (P1)/G,
(P4)VEVD'?® (P1)/A. One peptide fragment C31 was from
APP cleaved by caspases and involved in apoptosis induced
by Af3, and the apoptosis promoted caspases activation and
APP cleavage. Raina et al. (2001) also found that the acti-
vation of caspase-3 was consistent with the cleavage of
PAPP, elevated A3 and the formation of SPs in the cerebral
cortex and hippocampal neurons of AD. That is to say that
the activation of caspases destroys the normal metabolism
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Fig. 6 Expression of caspase-3/9 was inhibited and phosphorylation of
Akt was in enhanced by overexpression of Ngb. aThe pAPPswe-
transfected SH-SY5Y cells were transfected with 1.0, 2.0, 4.0, and
8.0 pg pNgb, which showed the high expression of neuroglobin was
found in the transfection with 4.0 pug pNgb. b the APP/PS1 transgenetic
mice intracerebroventricularly injected with pNgb showed stably high
expression of neuroglobin. ¢ Representative pictures western blot of cas-
pase-3/9, pAkt, Akt and (3-actin of pAPPswe-transfected SH-SYSY cells
in control, empty vector, pNgb and pNgb+LY294002 group, respective-
ly. d The relative optical density (OD) of caspase-3/9, pAkt, Akt at protein

of intracellular APP, and causes overproduced A3 and its
deposition. A[3-mediated neurotoxicity further promotes
the cleavage of APP by caspases, which were forming a
vicious cycle. Therefore, we hypothesized that inhibiting
the activity of caspases may decrease the generation of
Af and inhibit the cell apoptosis in AD.
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level was compared to (3-actin, respectively. The data represent the mean
+S.D of a typical series of three experiments (¥*P<0.01, vs control or
vector; #P<0.01, vs pNgb). Expressions of caspase-3 and caspase-9 in
the brains of APPswe/PS1dE9 transgenic mice. e Representative pictures
western blot of caspase-3, caspase-9, and 3-actin in the brains of the mice
in saline, empty vector and pNgb group, respectively. f The relative op-
tical density (OD) of caspase-3, caspase-9 at protein level was compared
to [3-actin, respectively. The data represent the Mean+SD (**P<0.01,
saline group vs pNgb group; ##P<0.01, empty vector group vs pNgb
group)

In our study, the expression of caspase-3 and caspase-9
was high in pAPPswe-transfected SH-SYSY cells; and
overexpression of Ngb significantly inhibited the expres-
sion of caspase-3 and caspase-9, compared to the control
and the vector groups. So, we concluded that the mecha-
nism of Ngb playing a role of decreasing the generation of
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AP and AB-induced apoptosis may be through inhibiting
the activity of caspase-3 and caspase-9.

Caspase-9 can activate caspase-3, which can specifically
cleave DNA, and make poly ADP ribose polymerase
(PARP) and DNA-dependent protein kinase (DNA-PK) in-
volved in the course of DNA repair after damage to be
inactivated. Then, the chromatin was condensed and the ribo-
zyme was activated, and cell apoptosis occurred. And in turn,
caspase-3 can activate caspase-9, and they were forming a
positive feedback. The previous study showed that the appli-
cation of PI3K inhibitor with high concentration would block
Akt phosphorylation, reduce the phosphorylation of caspase-
9, inhibit the process of apoptosis, and promote neural cell
survival (Li et al. 2008). In the present study, our results that
Ngb-induced caspase-3, caspase-9 and phosphorylation of
Akt were prevented by PI3K/Akt inhibitor LY294002 indicate
that the upstream signaling pathway responsible for the in-
creased caspase-3 and caspase-9 by Ngb is also PI3K/Akt.
Regulatory effect of activated PI3K/Akt on its downstream
target gene is an important way to promote cell survival; es-
pecially it is playing a key role in cell survival mediated by
growth factors, which provide a potential target for treating
AD.

In conclusion, Ngb not only decreases A3 generation, but
also attenuates A (3-induced mitochondrial dysfunction, apo-
ptosis, and cell death. The potential mechanism may be
through inhibiting caspase activity via activating PI3K/Akt
pathway. Further exploration of Ngb anti-apoptotic properties
may provide opportunities for novel pharmacological inter-
ventions aimed at preventing or palliating the consequences
of AD.
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