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Background: In this study, we investigated the potential neuroprotective effect of oleuropein (OLE) on apoptotic changes via

modulating Akt/glycogen synthase kinase 3 beta (Akt/GSK-3p) signaling in a rat model of cerebral ischemia/re-
perfusion injury (IRI).
Material/Methods: Sprague-Dawley male rats (12 weeks, n=200) were randomly assigned to 5 groups: sham group, vehicle (IRI+
vehicle) group, OLE (IRI+OLE) group, OLE+LY294002 (IRI+OLE+LY294002) group, and LY294002(IRI+LY294002)
group. The rats were subjected to cerebral ischemia/reperfusion injury (IRI) model and treated once daily for 5
days with vehicle and OLE (100 mg/kg via intraperitoneal injection) after IRl injury. LY294002 (0.3 mg/kg) was
intraperitoneally injected once at 30 min after IRl injury. Brain edema, neurological deficit, rotarod latencies,
and Morris water maze (MWM) performance were evaluated after IRI. The number of dead cells were assayed
by TUNEL staining. Western blot was used to detect the expression of Bcl-2, Bax, cleaved caspase-3 (CC3), neu-
rotrophic factors, and the phosphorylation levels of Akt and GSK-3.
Results: Compared with the vehicle group, brain water content, neurological deficits, rotarod latencies, and escape la-
tency following IRl were reduced in the OLE group. Cell apoptosis and reduced neurotrophic factor caused by
IRI was also attenuated by OLE. Furthermore, increased p-Akt and decreased p-GSK-3f were caused by OLE,
which were associated with decrease of Bax/Bcl-2 ratio and the suppression of Caspase-3 activity after IRI.
Importantly, all the beneficial effects of OLE in the vehicle group were abrogated by PI3K inhibitor LY294002.
Conclusions: Cerebral ischemia was protected by OLE via suppressing apoptosis through the Akt/GSK-3p pathway and up-
regulating neurotrophic factor after IRI.
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Background

Cerebral ischemia (Cl) is one of the leading causes of death
and the most frequent cause of permanent disability in adults
worldwide. The poor outcomes of Cl are usually attributable to
the detrimental effects of acute cerebral ischemia-reperfusion
injury [1-3]. Although accounting for approximately 3-7% of
the total health-care expenditure used in high-income coun-
tries, cerebral ischemia still remains the most frequent cause
of permanent disability, and the second most common cause
of dementia [4]. Ischemia/reperfusion injury (IRI) refers to the
cerebral lesion caused by blood supplication after a period
of ischemia [5]. The pathogenesis of IRl involves a complex
sequence of physiological events, including documented in-
flammatory cascade, excitotoxicity, oxidative stress, deficien-
cies in nerve growth factor, and presence of apoptosis [6-8].
Accumulating evidence suggests that neuronal apoptosis repre-
sents a prominent form of cell death which leads to declines in
neurological functions during IRI [9,10]. Because intact neurons
are the basis of normal nerve function, inhibition of neuronal
apoptosis contributes to the recovery of neurological function
and effectively improves the long-term prognosis of patients.

Oleuropein (OLE) is a natural secoiridoid that is isolated from
the plant Olea europaea, which is involved in the course of
physiological and pathological processes in a wide range of
diseases [11,12]. OLE has long been reported to exhibit sev-
eral pharmacological activities after central nervous system
disease such as Alzheimer’s disease (AD), traumatic brain in-
jury, and stroke [13]. In addition, oleuropein has been shown
to exert a protective effect against ischemia/reperfusion-in-
duced cardiomyopathy via anti-inflammatory and anti-hypox-
ia reoxygenation [14]. In the context of ischemia-reperfusion
injury, OLE can reduce cellular apoptosis via the activation the
phosphatidylinositol 3-kinase (PI3K)-Akt and extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) signaling pathway kinase in
ischemic myocardial injury [15]. OLE was also proved to pro-
vide neuroprotection by suppressing neuronal cell death in
rats with spinal cord injury [16]. However, whether the effect
of OLE administration on the apoptotic response is associated
with recovery of neurological function during IRl and the po-
tential mechanisms underlying these effects has been unclear.

The Akt/Glycogen synthase kinase 3B (Akt/GSK-3pB) signal-
ing pathway is critically involved in cell proliferation and
apoptosis in many cell types, including hippocampal neurons
[17,18]. The repressed Akt and stimulated GSK-3f have been
proved to exacerbate neuronal damage in experimental in-
tracerebral hemorrhage and diabetic encephalopathy [19,20].
There is compelling evidence that the PI3K-Akt pathway is the
upstream signal pathway that negatively regulates the ex-
pression of GSK-3f [21,22]. Further studies of OLE and its po-
tential anti-apoptotic mechanisms may provide evidence that
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OLE is a candidate therapeutic target to reduce neuron apop-
tosis and promote neurological functional recovery after IRI.
In the present study, we attempted to clarify the role of OLE in
amelioration of neurological and cognitive outcomes by inhib-
iting apoptosis in a rat model of IRI. The Akt/GSK-3f pathway
was hypothesized and detected as a possible positive mech-
anism of OLE effects.

Material and Methods

Animals

Adult male Sprague-Dawley (SD) rats (12 weeks old, weigh-
ing 230-260 g) were obtained from Vital River Laboratories,
Beijing, China (Certificate No: SCXK2016-0006) and were used
for these experiments. The procedures for this study were ap-
proved by Animal Care and Use Committee of North China
University of Science and Technology and were carried out in
accordance with the Guide for the Chinese Council on Animal
Protection. All rats were allowed free access to food and wa-
ter under controlled conditions (12/12 h light/dark with hu-
midity 50-60% and temperature 22-24°C).

IRI model

To establish a transient acute cerebral infarction model,
rats underwent right middle cerebral artery occlusion (MCAO)
surgery according to the intraluminal suture method previous-
ly described by Longa et al. [23]. Rats were fasted for 8 h be-
fore surgery and following anesthetization with 10% chloral
hydrate (350 mg/kg) intraperitoneally. The rats were placed
in a supine position with body temperature maintained at
36.5-37.5°C. A Laser-Doppler flowmeter (moor-VMSLDF, Moor
Instruments, Ltd, UK) was utilized to monitor regional cere-
bral blood flow (rCBF). The bilateral common carotid artery
(CCA), external carotid artery (ECA), and internal carotid ar-
tery (ICA) was exposed via mid-neck incision. After closing the
right CCA with a microclip, monofilament nylon suture was in-
serted from the CCA into the lumen of the ICA to block the or-
igin of the middle cerebral artery (MCA). Performance of the
MCAO surgery was regarded as successful if rCBF was reduced
abruptly by 80-90%. The occlusion of the MCA through the in-
traluminal suture was maintained for 60 min, followed by re-
moval and reperfusion. The sham group had the same surgi-
cal procedures without inserting a filament. In the course of
the establishment of the experimental group in the IRl model,
a total of 12 rats died.

Experimental groups and treatment

We randomly assigned 200 adult rats to 5 groups (n=40):
the sham group, the vehicle (IRI+vehicle) group, the OLE
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(IRI+OLE) group, OLE+LY294002 (IRI+OLE+LY294002) groups,
and the LY294002 (IRI+LY294002) group. SD rats in the vehi-
cle group, OLE group, OLE+LY294002 group, and LY294002
group were subjected to IRl surgery. Oleuropein (Sigma Aldrich,
Germany) was dissolved in physiological saline which included
3% dimethyl sulfoxide (DMSO). Rats were administered oleu-
ropein at 30 min after IRl surgery at a dose of 100 mg/kg via
intraperitoneal injection and then received it once a day for
5 days. The PI3K inhibitor LY294002 (0.3mg/kg; Cell Signaling
Technology, Inc., Beverly, MA, USA) was solubilized in physio-
logical saline which included 3% DMSO and intraperitoneal in-
jected at 30 min after the induction of IRI. In the sham and ve-
hicle groups, an equal volume of physiological saline including
DMSO was administered in the same manner. The rats were
allowed to recover spontaneous ventilation.

Neurological score

Neurological deficit of the rats was evaluated by modified
neurological severity score (mNSS), which is a composite of
motor tests, sensory tests, beam balance tests, and reflex-
es absent [24]. In the present study, it used to grade various
aspects of neurobehavioral function on days 1-5 after IRI.
The lower the score, the better the function (normal score=0,
maximal deficit score=18).

Rotarod test

In addition to the mNSS score, the rats were evaluated on the
basis of an accelerating automated rotarod, which was used
to measure the effects of therapeutic intervention on vestib-
ulomotor function [25]. In order to obtain baseline values,
the rats were tested before IRI was induced. Tests were per-
formed on days 1-5 after IRl to assess early motor outcome.
As the speed increased from 4 to 40 rpm within 5 min, average
time elapsed from the rotation of the cylinder was recorded.
If the rats dropped twice from the device, the experiment ended.

Morris water maze test

Spatial learning and memory were assessed using the Morris
water maze at 1-5 days following IRI. Before the navigation
task, the rats were allowed to swim for 5 min in a circular
water tank (180 cm in diameter and 45 c¢m in depth) divided
into 4 equivalent quadrants: north (N), west (W), south (S),
and east (E). They were trained to find a submerged escape
platform (14 cm in diameter), which was located in the mid-
dle of one of the quadrants equidistant from the sidewall at a
fixed time each day. Rats were allowed a maximum of 120 s to
find the platform prior to IRI or sham operation. The rats were
placed randomly in the water facing the wall of the tank. If the
rats successfully found the platform during the Morris water
maze test, they would be left on the platform for 15 s prior
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to the start of the next training section. On day 5 of the spa-
tial tests, the platform was removed and the rats were placed
into the water at the same randomly selected starting points.
Maze performance was recorded using a video camera locat-
ed above the pool and interfaced with a video tracking sys-
tem (HVS Imaging, Hampton, UK). The mean escape latency
of a total of the previous 4 trials and the times spent in the
target quadrant on day 5 were then calculated.

Brain water content

The rats were anesthetized and euthanized on days 1-3 after IRI.
Brain water content was measured using the standard wet-dry
method, which has been widely used [26]. After brains were
sectioned in the mid-sagittal plane, the hemispheres were
weighed immediately to obtain wet weight. Then, the hemi-
spheres were dried at 90°C for 24 h to obtain the dry weight.
We calculated water content as a percentage of wet weight
(Iwet weight—dry weight]/[wet weight]x100).

Cell death analysis by terminal deoxynucleotidyl
transferase-mediated (dUTP) nick-end Labeling (TUNEL)
staining

The cell death of neurons was detected by TUNEL staining
as described previously [27]. Briefly, after behavioral tests,
the rats that were anesthetized with chloral hydrate and sac-
rificed via transcardiac perfusion with cold phosphate-buff-
ered saline (PBS), followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, to pre-fix the brain tissue. Brain tissue spec-
imens from the cerebral ischemia area were embedded in par-
affin and then cut into serial sections at a thickness of 5 pm
using a microtome. Following deparaffinization and rehydra-
tion, the paraffin sections were rinsed twice in 0.1 M PBS and
incubated with Proteinase K working solution (10 pug/ml in
10 mM Tris/HCl, pH 7.5-8.0) for 15 min at 37°C. The sections
were washed in PBS again, then treated with green fluoresce-
in-labeled dUTP solution containing 10% TdT. Finally, the par-
affin sections were counterstained with DAPI. TUNEL-positive
cells exhibiting green fluorescent granules were determined
using a fluorescence microscopy (Olympus, Japan) and were
quantified by counting 5 randomly selected microscopic fields.

Western blot analysis

Following behavioral tests on day 5, the rats were sacri-
ficed by an overdose of chloral hydrate. The brain tissue
of each rat was excised and flash-frozen in liquid nitrogen
until use. In order to detect protein expression adequate-
ly, an appropriate amount of frozen brain samples was
minced with eye scissors in ice. Then, the tissue was homog-
enized in cold Tissue Protein Lysis Solution (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and clarified by centrifuging
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Figure 1. Based on neurobehavioral function and rotarod motor test, neurological function showed considerable improvement in
OLE-treated rats over 5 days following IRI. The OLE treatment significantly decreased the mNSS scores compared with the
vehicle group at 1-5 days after IRI (A). The vestibulomotor performance by rotarod testing was also significantly improved
in the OLE group at 1-5 days after IRI (B). Data are presented as the mean +SEM (* P<0.05 compared with sham, * P<0.05
compared with vehicle, © P<0.05 compared with OLE, n= 8-10/group).

(12 000xg for 20 min at 4°C) before taking the supernatant.
Protein concentration was determined using the BCA reagent
(ZSGB-Bio, Beijing, China) method. A total of 25 ug of extract-
ed protein were subjected to SDS-polyacrylamide gel electro-
phoresis and transferred onto a polyvinylidene difluoride mem-
brane (PVDF). After blocking with 5% fat-free dry milk for 2 h
at room temperature, the membrane was then incubated over-
night at 4°C with primary antibody, including Akt (anti-rabbit,
1: 1000, Abcam), p-Akt (anti-rabbit, 1: 1000, Abcam), GSK3f
(anti-rabbit, 1: 1000, Abcam), p-GSK3p (anti-rabbit, 1: 1000,
Abcam), B-actin (anti-rabbit, 1: 1000, Abcam), cleaved caspase-3
(CC3, anti-mouse, 1: 1000; Cell Signaling), caspase-3 (anti-rab-
bit, 1: 1000, Abcam), B-cell leukemia/lymphoma 2 (Bcl-2, anti-
rabbit, 1: 1000, Abcam), BCL2-Associated X (Bax, anti-rabbit,
1: 1000, Abcam), brain-derived neurotrophic factor (BDNF; an-
ti-rabbit, 1: 1000, Abcam), and nerve growth factor (NGF; anti-
rabbit, 1: 1000, Abcam). Nitrocellulose membranes were then
labeled with secondary antibodies for 1 h at 4°C. Bands were
visualized by using an enhanced chemiluminescent (Bio-Rad,
Hercules, CA, USA) reagent and were analyzed by Image) 1.41
software (National Institutes of Health, Bethesda, MD, USA).

Detection of Caspase-3 activity

Caspase-3 activity was determined using the tissue cas-
pase-3 colorimetric activity assay kit purchased from Genmed
Scientific, Inc. (Shanghai, China). The brain tissues, which were
grounded in liquid nitrogen, were homogenized with chilled tis-
sue lysis buffer, incubated on ice for 10 min, and centrifuged
for 5 min in a microcentrifuge (12 000xg). The supernatant was
collected into a tube and the samples were read in a microtiter

plate reader. The absorbance of each well was measured at
405 nm with a microtiter plate reader. Comparison of the OD
from induced apoptotic samples with an un-induced control al-
lowed determination of the fold-increase in caspase-3 activity.

Statistical analyses

All data are presented as the mean * standard deviation and
were analyzed using SPSS 21.0. Each experiment was repeat-
ed a minimum of 3 times. The data were analyzed by one-
way ANOVA, followed by Bonferroni post hoc test for multiple
comparisons. P<0.05 was considered to indicate a statistical-
ly significant difference.

Results

OLE attenuated neurofunctional deficits.

The mNSS scores and rotarod testing are a comprehensive eval-
uation of neurological functions in rats, while the MWM test
reflects spatial learning and memory ability. As presented in
Figure 1A, IRl induced a significant neurological deficit in the
vehicle group as compared with the sham group over 5 days af-
ter IRI (P<0.05), whereas the administration of OLE significant-
ly reduced the mNSS scores when compared with the vehicle
group (P<0.05). When OLE was combined with the PI3K inhibitor
LY294002 (OLE+LY294002), mNSS scores were higher than in
the OLE group (P<0.05). LY294002 did not increase mNSS when
administered alone compared with the vehicle group (P>0.05).
There was no statistically significant difference in mNSS scores

Indexed in:
[ISI Journals Master List]
[Chemical Abstracts/CAS]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]

This work is licensed under Creative Common Attribution- [Index Medicus/MEDLINE] - [EMBASE/Excerpta Medica]

NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




Zhang W. et al.:

Protective effects of oleuropein against cerebral ischemia/reperfusion... A N IMA L ST U DY

© Med Sci Monit, 2018; 24: 6587-6598

A
140 7
120 7
100
= *
€ 5- *@  —@— Sham
a *@ —@— Vehide
5 —v—OLE
=60 *H —A— OLE+L1Y294002
e —— (Y294002
540
20 |
0 T T T T T T
Pre 1 2 3 4 5
Days post IRl or Sham
B C
60 30
50 25
€ w- i £ 20
= S
z 2
£ 30 € 15—
2 *@ =
£ o g
é 20 — * < 10
10 — 5
0- 0-
Sham Vehicle OLE OLE+  1Y294002 Sham Vehicle OLE OLE+  1Y294002
1Y294002 1Y294002
The fifth day post IRl or Sham The fifth day post IRl or Sham
D
NW-II NE-I NW-II NE-I NW-I NE-I NW-II NE-I NW-I NE-I
SW-III SE-IV- SW-III SE-IV- SW-III SE-IV- SW-III SE-IV- SW-III SE-IV
Sham Vehicle OLE OLE+LY294002 1294002
E
SW-III SE-IV- SWHIII SE-IV- SW-III SE-IV- SW-III SE-IV- SW-III SE-IV
Sham Vehicle OLE OLE+L1Y294002 1Y294002

Figure 2. Cognitive function showed improvement in OLE rats over 5 days following IRl based on MWM test. The OLE treatment
significantly improved learning and memory capability compared with the vehicle group over 5 days after IRI. The spatial
learning performance by orientation navigation experiments testing also showed clear improvement in the OLE group over
5 days after IRI (A). Time spent in the target quadrant following removal of the platform was reduced by OLE treatment (B).
There were no significant differences in swim speeds among groups (C). Representative traces indicating the sample paths
of the rats from the maze latency trials (D) and the probe trials (E) on day 5. Data are presented as the mean +SEM (* P<0.05
compared with sham, # P<0.05 compared with vehicle, ® P<0.05 compared with OLE group, n=8-10/group).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




ANIMAL STUDY

M Sham
- [l Vehicle
% W OLE
[ OLE+LY294002
— * *

85 W 1294002 g) & X Y
Sgd * b6 ¢ s
2 ] i %

S i
5 75 b
2
[~=)
65 —
60 - — L —
1 2 3
Days post IRl or Sham

Figure 3. Brain water content was reduced in OLE rats on days
1-3 after IRI. Data in bar graphs are presented as
mean +SEM. (* P<0.05 compared with sham, # P<0.05
compared with vehicle, ® P<0.05 compared with OLE,
n=6-8/group).

between vehicle group and OLE+LY294002 group (P>0.05).
The rotarod latencies of OLE-treated rats were significantly lon-
ger than that of vehicle-treated rats (Figure 1B, P<0.05), where-
as OLE+LY294002 group rats lagged behind the OLE group.
There was a significant difference in rotarod latencies between
the OLE group and OLE+LY294002 group (P<0.05). LY294002 did
not induced a significant decrease of rotarod latencies when
administered alone compared with the vehicle group (P>0.05).

OLE ameliorated cognitive deficits

As presented in Figure 2A, the sham-operated rats did not
have any spatial learning or memory deficits. Statistical anal-
ysis confirmed that the vehicle group had significantly longer
escape latency than in the sham group over 5 days after reper-
fusion (P<0.05). There was a significant decrease in escape la-
tency of the OLE group compared to the vehicle group (P<0.05).
OLE+LY294002 increased the escape latency of rats compared
with the OLE group (P<0.05). Although LY294002 alone reduced
the escape latency slightly, no statistically significant differ-
ence was observed between the vehicle group and LY294002
group (P>0.05). Following 4 days of testing, the platform was
removed. Under these conditions, the time spent in the target
quadrant was significantly lower for the vehicle group than
for the sham group, but was significantly increased in the OLE
treatment group compared with the vehicle group (Figure 2B).
Compared with the OLE group, OLE+LY294002 deteriorated im-
pairments to spatial learning and memory by shortening the
time spent in the target quadrant. However, there was no sig-
nificant effect in the LY294002 group compared with the vehi-
cle group (P>0.05). Nevertheless, there were no significant dif-
ferences in swim speeds among groups (Figure 2C).
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OLE alleviated brain edema

The brain water content in the ischemic hemisphere was ana-
lyzed on days 1-3 after IRl induction. There was a significant in-
crease in brain water content in the vehicle group compared to
the sham group (P<0.05, Figure 3). OLE significantly decreased
brain edema content compared to the vehicle group (P<0.05).
Nevertheless, the rats receiving OLE combined with LY294002
did not have reduce brain edema content compared to the OLE
group (P<0.05). LY294002 did not increase brain edema when
administered alone compared with the vehicle group (P>0.05).

OLE administration prevents neuronal cell loss at day 5
after IRI

TUNEL/DAPI staining was performed to clarify the role of
OLE in cell death, which revealed a high density of positively
stained cells within the infarct area itself as well as in the
surrounding periphery. DAPI was used for nuclear staining.
Cells co-stained with TUNEL and NeuN were deemed as neuronal
death (Figure 4A). The results of quantitative analysis showed
significant differences between the groups in ischemic regional
TUNEL-positive cell (P<0.05, Figure 4B). In the sham group,
few TUNEL-positive dead cells were found. The cell loss index
in the ischemic region of the vehicle group was significantly
increased compared with those in the sham group (P<0.05,
Figure 4A). In comparison with the vehicle group, the admin-
istration of OLE significantly reduced TUNEL-positive cells
(P<0.05). However, after administration of OLE+LY294002,
the number of TUNEL-positive cells was significantly increased
compared with the OLE group (P<0.05).

OLE decreased the ratio of Bax/Bcl-2 and downregulated
CC3 expression and Caspase-3 activity after IRI

Western blotting was used to detect CC-3, Bax, and Bcl-2 pro-
tein levels in the ischemic hemisphere. By comparison with
the sham group, it revealed a remarkable increase in the
ratio of Bax/Bcl-2 in the vehicle group (P<0.05, Figure 5A).
IRI-induced increases in the Bax/Bcl-2 ratios were attenuated
by treatment with OLE (P<0.05), while this protection was hin-
dered by LY294002 (OLE+LY294002) administration (P<0.05,
Figure 5A). CC3 is another important marker of apoptosis de-
tected in the present study. As presented in Figure 5B, the level
of CC3 in the rat’s cerebellums differed considerably among the
groups in our present study. Compared with the sham group,
cerebral CC3 was significantly increased in the vehicle group
and significantly downregulated by OLE treatment compared
with the vehicle group, whereas treatment with LY294002 com-
bined with OLE evidently increased the expression of CC3 com-
pared with OLE after reperfusion (P<0.05, Figure 5B). Similarly,
OLE reduced IRI-induced increased caspase-3 activity, while it
was impeded by LY294002 (OLE+LY294002) administration
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Figure 4. Co-staining of TUNEL (green) and DAPI (blue) in the perihematomal cerebral cortex at day 5 after IRI. TUNEL-positive cells
were barely detected in the sham group but were widely distributed in the ischemic region after IRI. OLE decreased the
number of TUNEL-positive cells, which was blocked by LY294002. Scale bar 50 um (A). IRl increased the number of TUNEL-
positive cells compared with the sham group, whereas OLE clearly reduced the number of TUNEL-positive cells. Moreover,
LY294002 combined with OLE reversed the declining trend compared with OLE only treatment (B). Data are presented as the
mean +SEM (* P<0.05 compared with sham, # P<0.05 compared with vehicle, ® P<0.05 compared with OLE, n=6-8/group).
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Figure 5. OLE affects Bcl-2 family, cleaved caspase-3 protein expression, and Caspase-3 activity on day 5 after IRI or sham.
Representative Western blots and densitometric quantification of Bax/Bcl-2 (A). Representative Western blots and
densitometric quantification and cleaved caspase-3/f-actin on day 5 after IRI (B). Caspase-3 activity in brain tissues of rats in
different groups (C). Data are presented as the mean +SEM (* P<0.05 compared with sham, # P<0.05 compared with vehicle,

@ P<0.05 compared with OLE, n=8-10/group).

(P<0.05, Figure 5C). However, there was no significant differ-
ence in Bax/Bcl-2 ratio and CC3 or caspase-3 activity between
the vehicle group and the OLE+LY294002 group (P>0.05).

OLE activated the Akt/GSK-3p signaling pathway after IRI

The Akt/GSK3p pathway, which is activated by the phosphor-
ylation at Ser473 via the PI3K pathway, has been proposed to
serve a vital role in cell survival and to inhibit apoptosis [28].
As presented in Figure 6, the vehicle group exhibited signifi-
cantly decreased p-Akt expression and significantly increased
p-GSK3p expression. OLE administration dramatically in-
creased p-Akt expression and decreased p-GSK3 expression
compared with the vehicle group (P<0.05, Figure 6), and this
expression was reversed by OLE+LY294002 administration

(P<0.05, Figure 6). Treatment with OLE+LY294002 remarkably
reduced the levels of p-Akt and increased p-GSK-3f when com-
pared with OLE alone. Nevertheless, there was no significant
difference in p-Akt and p-GSK-3p between the vehicle group
and OLE+LY294002 group (P>0.05). The expressions of total
Akt and total GSK-33 were constant in the sham and experi-
mental groups (P>0.05).

OLE reverses the decrease in neurotrophic factor
expression after IRI

The expression of BDNF and NGF, which were both neuro-
trophic factors, decreased after IRl compared with the sham
group in Western blot analysis (P<0.05, Figure 7). In contrast,
OLE administration dramatically restored IRI-induced decreases
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Figure 6. OLE affected p-Akt and p-GSK-3f protein expression on day 5 after IRl or sham. Representative Western blots and

densitometric quantification of p-Akt/total Akt (A). Representative Western blots and densitometric quantification of
p-GSK3p/total GSK3B (B). Data are presented as the mean +SEM (* P<0.05 compared with sham, # P<0.05 compared with

vehicle, ® P<0.05 compared with OLE, n=8-10/group).
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Figure 7.

Administration of OLE affected BDNF and NGF protein expression on day 5 after IRl or sham. Representative Western blots
and densitometric quantification of BDNF/B-actin (A). Representative Western blots and densitometric quantification of and
NGF/B-actin on day 5 after IRI (B). Data are presented as the mean +SEM (* P<0.05 compared with sham, # P<0.05 compared
with vehicle, ® P<0.05 compared with OLE, n=8-10/group).

in expression of BDNF and NGF, while this protection was hin-
dered by OLE+LY294002 administration (P<0.05). OLE+LY294002
did not increase neurotrophic factors compared with the ve-
hicle group (P>0.05).
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Discussion

In the present study, OLE improved neurological and cogni-
tive outcomes, alleviated brain edema, increased neurotrophic
factors, and reduced apoptosis of neural cells by regulating
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Akt/GSK-3p signaling pathways in a classical experimental
model rat model of IRI. Ischemic stroke is a neural and vascu-
lar disease caused by deprivation of blood flow when intracra-
nial arteries are occluded. Ischemic stroke has gradually been
identified to result from a surge in the activation of complex
pathophysiological pathways, from ischemic injury initiation
to secondary reperfusion injury [29,30]. Besides oxidative and
nitrosative stress and inflammatory mechanisms, neuronal
apoptosis equally predominates at the core of cerebral isch-
emic damage [8,31] and this has led researchers to explore
intervention measures to improve the neurological and cog-
nitive functions destroyed by cerebral ischemia in human pa-
tients. OLE is the main phenolic secoiridoid, which is extract-
ed from olive trees, and is capable of producing antioxidant,
anti-apoptotic, antimicrobial, anti-inflammatory, and neuro-
protective activity [32-34]. Increasing evidence suggests that
OLE can help cells with normal functions survive in a variety
of adverse situations such as ischemic diseases involving the
brain and other organs [35,36]. A previous study demonstrat-
ed that OLE displayed an anti-apoptosis response via anti-in-
flammatory actions, as well as suppression of lipid peroxida-
tion and neutrophil infiltration in a mouse model of spinal
cord trauma [37]. Moreover, oral administration of OLE ame-
liorates cerebral injury in a rat model of IRI by inhibiting the
expression of apoptosis-related Bax, thereby suppressing Bcl-2
activation [38]. Nevertheless, the underlying mechanisms of
OLE in apoptosis associated with neurological recovery in IRI
still remains poorly elucidated. In the present study, OLE al-
leviated IRI-induced cerebral edema and improved neurologi-
cal and cognitive function outcomes of mNSS scores, rotarod
test, and MWM test on days 1-5 after IRl induction. OLE also
significantly attenuated apoptosis in neuronal cells. Therefore,
we investigated whether the neuroprotective effects of OLE
were regulated by inhibiting the apoptosis-related Akt/GSK-3f3
signaling pathway. Rats receiving OLE administration had neu-
roprotective effects compared with the vehicle group. Treatment
with OLE combined with LY294002 increased the number of
apoptotic cells, which abolished the anti-apoptosis effect of
OLE alone. Our findings further confirm results of a previous
study that reported administration of LY294002 alone did not
provoke neuron apoptosis compared with the vehicle group
after IRI [39]. Our findings show that OLE exert their neuro-
protective effects through the Akt/GSK-3p signaling pathway.

Apoptosis, which is executed by proteases called caspases,
is of importance for tissue homeostasis [40]. Bcl-2 family pro-
teins are apoptosis-related proteins serving as central regula-
tors of caspase activation. The BCL-2 family members include
both pro- and anti-apoptotic molecules. Bcl-2 acts as anti-
apoptotic factor, while Bax promotes apoptosis [41]. Indeed,
the ratio of Bax and Bcl-2 helps to determine the extent of
apoptosis. CC3 is another key executor involved in cell apop-
tosis [42]. In our present study, the imbalanced expression
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of Bax/Bcl-2 and increased CC3 expression resulted from ce-
rebral ischemic-reperfusion injury, while treatment OLE for
5 days resulted in a reduction of Bax/Bcl-2 ratio and CC3 ex-
pression. Consistent with the present study, Yu et al. [43] also
proposed the anti-apoptosis effect of OLE on the regulation of
BCL-2 family members in IRI. The same phenomenon occurred
in the TUNEL staining assay. There was an obviously reduced
density of TUNEL-positive cells in the OLE treatment group, sug-
gesting that OLE suppress apoptosis during the course of IRI,
whereas OLE combined with LY294002 up-regulated the ra-
tio of Bax/Bcl-2 and CC3 expression, as well as the number of
TUNEL-positive cells. Accordingly, we further explored wheth-
er the neuroprotective effect and anti-apoptotic mechanism
of OLE was mediated by the Akt/GSK3 signaling pathway.

The serine-threonine kinase Akt, which can be directly acti-
vated by PI3K-mediated phosphorylation, can be inhibited by
LY294002 [44]. Activated Akt coordinates intracellular signals
and regulated several downstream targets of the cell death/sur-
vival pathways to inhibit apoptosis, including glycogen synthase
kinase-3(GSK- 3) [45]. Akt phosphorylation regulates cell prolif-
eration and promotes cell survival by subsequent inactivation of
GSK-3B [20]. In the early step in the execution phase of cellular
apoptosis, phosphorylated GSK-3 serves as an upstream regu-
lator of programmed cell death to aggravate cell damage and
increase caspase-3 activity, which is important in central ner-
vous system diseases [46]. In the present study, the OLE treat-
ment evidently elevated the expression of activated Akt (Ser473)
over 5 days after IRI, which then successively decreased the ex-
pression of activated GSK-3p (Ser9). OLE treatment can alleviate
neuronal apoptosis and reduce expression of apoptotic apopto-
sis regulating proteins. LY294002 combined with OLE adminis-
tration showed similar levels of the p-Akt/Akt and p-GSK-3p/
GSK-3p ratio as that of the vehicle group. LY294002 plus OLE
treatment could not confer anti-apoptotic effects reducing the
incidence of cell apoptosis after IRI. Our results further con-
firm that OLE treatment exerts a neural-protective effect in a
rat model of IRl by means of activation of the PI3K/Akt signal-
ing pathway and inhibiting GSK-3[3. However, PI3K/Akt/GSK3/
may contribute to the activation of autophagy. Regulation of au-
tophagy and several other mechanisms are all possible mech-
anisms underlying the decreased expression of caspase-3 and
Bax, which was reported by previous studies [47,48]. Whether
autophagy was involved in the neuroprotective effect exerted
by OLE after IRl in vivo should be further explored.

The neurotrophins BDNF and NGF, which are produced and
released by a variety of neuronal and non-neuronal cells,
are important regulators involved in plasticity and neuron sur-
vival [49]. In the present study, we discovered that NGF and
BDNF were downregulated in the vehicle group and that OLE
treatment reversed this downregulation. In contrast to rats
in the OLE group, the administration of LY294002 plus OLE
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canceled the protective effect. A previous study has also indi-
cated that the OLE-induced neuroprotective effect observed
may be due to increased BDNF and NGF, as well as decreased
level of reduced glutathione (GSH) [50].

Conclusions

We found that OLE protected against IRl and improved neu-
rological and cognitive function by reducing apoptosis in vivo.
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Moreover, OLE exerted its anti-apoptotic effect by reducing
apoptosis-related protein and neurotrophic factor expression
through the PI3K/Akt/GSK-3[ signaling pathway. In summa-
ry, the elaboration of the neuroprotection of OLE in the pres-
ent study suggests the potential neurological and cognitive
benefits of OLE in IRI.
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