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Pre-ischemic exercise mitigates brain injury via MEK1/2
and PI3K after ischemic stroke in rats
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Abstract: Physical exercise could exert neuroprotection in both human and animals. However, the exact mechanism
of the neuroprotective effect is still not very clear. This study was to explore the possible signal pathway related to
the neuroprotective effect of pre-ischemic exercise for ischemic stroke. Thirty-six rats were randomly divided into
three groups (n = 12/group): middle cerebral artery occlusion (MCAO) group, exercise with MCAO group and sham
surgery group. After treadmill training for three weeks, the MCA was occluded for 1.5 hours so as to induce ischemic
stroke, followed by reperfusion. Forty-eight hours after reperfusion, six rats in each group were estimated for neuro-
logical deficits and then decapitated to calculate the infarct volume. The rest rats in each group were sacrificed to
detect the expression level of phosphor-MEK1/2, MEK1/2 and PI3K (n = 6). The results in our study demonstrated
that pre-ischemic treadmill training reduced brain infarct volume and neurological deficits, also alleviated the over
expression of phosphor-MEK1/2 after ischemic stroke. The expression level of PI3K was up-regulated by exercise
preconditioning. In summary, pre-ischemic exercise mitigated brain damage in the rat brain after ischemic stroke,
involving in the regulation of MEK1/2 and PI3K.

Keywords: Neuroprotection, middle cerebral artery occlusion (MCAO), exercise preconditioning, mitogen-activated
protein kinase kinase 1/2 (MEK1/2), dysfunction

Introduction neuroprotection of pre-ischemic exercise inter-
vention [7]. ERK1/2 was an important subfam-
ily of mitogen-activated protein kinases which

mediated a wide range of cellular activities,

In the past twenty years, a series of animal
studies have demonstrated the beneficial ef-

fects of exercise training on brain ischemic inju-
ry, including promoted survival rates, a down-
regulation of neurological deficits, an attenua-
tion of blood-brain barrier (BBB) dysfunction
and a promotion in neurovascular integrity
[1-5]. In summary, exercise intervention has
attracted more and more attention.

The method of exercise intervention before
ischemic stroke was named as exercise pre-
conditioning. Our previous review had summa-
rized the related mechanisms of exercise pre-
conditioning induced neuroprotective effects,
involving different kinds of pathological chang-
es pre-and post ischemic stroke [6]. The extra-
cellular signal-regulated kinase 1/2 (ERK1/2)
related pathway played an important role in the

including the neuroprotection in the process of
ischemic stroke [8].

The mitogen-activated protein kinase (MEK)
1/2-extracellular-regulated kinase (ERK)1/2 si-
gnaling pathway was involved in a series of cel-
lular processes, including cell differentiation,
growth, survival, and apoptosis [9]. Inhibition of
the MEK1/2-ERK1/2 pathway could alleviate
brain injury and infarct volume in mice following
ischemic stroke [10]. Moreover, the MEK-ERK-
pP9ORSK cascade activation involved in the neu-
roprotective effects of nicotinamide after onset
of middle cerebral artery occlusion in rats,
decreasing the infarct volume and apoptotic
cell death. It is logically to speculate that the
MEK1/2-ERK1/2 pathway was involved in the
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neuroprotective mechanism in the process of
ischemic stroke [11]. The PI3K/Akt pathway
also was involved in the neuroprotective effect
of exercise. A recent study demonstrated that
exercise intervention alleviated neurocognitive
deficits and hippocampal neurogenesis dam-
age, regulating the level of Akt after radiothera-
py injury [12].

Our previous paper demonstrated that pre-
ischemic exercise could decrease the over-
expression of phospho-ERK1/2 at 24 and 48
hours after ischemia/reperfusion [13, 14].
However, whether exercise preconditioning
could influence the level of phospho-MEK1/2
following ischemic stroke is still unknown. Thus,
this study was to investigate whether three
weeks of pre-ischemic could reduce neurologi-
cal deficits, infarct size, the expression of phos-
pho-MEK1/2 and PI3K.

Materials and methods
Animals

Thirty-six male Sprague-Dawley rats (200-220
g) were provided by Hebei Province Laboratory
Animal Center. The rats stayed in a standard
circumstance with a 12-h light/dark cycle.
Enough food and water were available. All the
procedures in this study were approved by the
Animal Care and Use Committee of Hebei
Medical University.

Treadmill training

The rats were randomly assigned to three gr-
oups (n = 12/group): sham surgery group, MC-
AO group and exercise with MCAO group. Before
formal training, the rats in the exercise with
MCAO group began to receive adaptive running
exercise for three days in speed of 6-7 m/min
for 20 minutes per day by a treadmill training
machine (DSPT-202 Type 5-Lane Treadmill;
Litai Biotechnology Co., Ltd, China). After the
adaptive exercise training, the rats stated to
receive formal exercise intervention at a speed
of 20 meters per minute, 30 minutes in one day
for six times per week. In the corresponding
period, the rats of sham surgery group and
MCAO group were available to run freely in their
cages.

MCAO model
After the treadmill training, all the rats under-

went sham or middle cerebral artery occlusion
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(MCAO) surgery. The MCAO model rats were
anesthetized by 4% chloral hydrate (10 ml/kg,
i.p.) and further doses were needed if the rat
could not maintain anesthesia state during the
operation. The temperature of rat body was
maintained at 37°C with a heating pad. The
surgery procedures were in accordance with
Longa EZ [15] method.

Briefly, in left side, external carotid artery (ECA),
the common carotid artery (CCA) and internal
carotid artery (ICA) were separated and exposed
firstly. ECA and ICA are two branches of CCA.
Our purpose is to occlude ICA. But we need to
realize reperfusion of ICA. Therefore, we need
to insert the suture from ECA to CCA, finally
reaching ICA. A 4-0 nylon suture with a poly-L-
lysine covered ending (Beijing Sunbio Biotech
Co. Ltd, Beijing, China) was gently inserted into
ECA through a small incision. Then, the suture
passed into CCA and ICA, finally reached the
origin section of MCA to occlude this artery.
After 90 minutes of ischemia, reperfusion was
realized by removing the filament.

In the sham group, the rats underwent the
same procedures but no occlusion of MCA. The
System of Blood Gas and Electrolyte (Radio-
meter ABL505, Copenhagen, Denmark) was
used to monitor the physiological parameters
of rats. The neurological deficit scores were
assessed 48 hours after reperfusion according
to the previous report.

Determination of brain infarct volume

Forty-eight hours after reperfusion, rats were
sacrificed under chloral hydrate (10%) anesthe-
sia. The removed brain tissues were placed in
-20°C refrigerator for ten minutes, then the
iced brain was cut into six even coronal slices
(2 mm thick) from the anterior pole to the optic
chiasm along the middle line. Then the slices
were submerged into a 2% TTC (2,3,5-triphenyl-
tetrazolium chloride) solution at temperature of
37°C thermostat for half an hour, then the slic-
es were dipped into 4% paraformaldehyde buf-
fer for fixation. After 48 hours, the infarct area
was reckoned on the basis of the pictures taken
by a digital camera (DC240; Kodak, USA) and
imaging software (Adobe Photoshop 7.0). The
ischemic volume of brain was equivalent to the
sum of the ischemic area in the six slices. For
the sake of reducing the error caused by brain
edema, the corrected formula was used to cal-
culate infarct volume as following:
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Figure 1. Neurological deficit scores of exercise with MCAO group and the MCAO
group. Data represent the mean £ SD. (n = 6). The neurological deficit scores of
sham group were all zero (not shown). *Indicates a statistically significant dif-
ference of mean neurological deficit scores between MCAO group and exercise
with MCAO group (P < 0.05).
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Figure 2. Difference in infarct volume between exercise with MCAO group
and the MCAO group. Data represent the mean * SD. The infarct volumes of
the sham surgery group were all zero (not shown). *Indicates a statistically
significant difference of the infarct volumes between exercise with MCAO group

scataway, NJ, USA) in 350V
for 1.5 h with the cold pack,
stayed in 5% BSA blocking
solution for 1 hour at 25°C,
and incubated overnight
at 40°C in anti-MEK1/2
(1:1000 dilution; Cell Sig-
naling, Danvers, MA, USA)
or anti-phospo-MEK1/2 an-
tibody (1:1000 dilution; Cell
Signaling) or anti-PI3K anti-
body (1:1000 dilution; Up-
state, Millipore-Merck, Da-
rmstadt, Germany). The im-
munoreactivity was mea-
sured by horseradish per-
oxidase-labeled anti-rabbit
secondary antibody (1:100
dilution; Hua-Mei Biotech,
Beijing, China) for one hour
at room temperature with
blocking buffer. Finally, the
membrane was covered by
300 uL enhanced ECL kit
(Amersham Pharmacia Bi-
otech, Freiburg, Germany)
for 5 minutes and exposed
to Kodak film for 5 to 30
seconds. B-actin was used
as a loading control.

Statistical analysis

and MCAO group (P < 0.05).

Infarct volume = contralateral hemisphere re-
gion-non-infarcted region in the ipsilateral he-
misphere

Infarct percentage = Infarct volume/volume of
the contralateral hemisphere x 100%

Western blot

The cortex brain tissue near the ischemic area
was taken. A protein extraction reagent (Pierce
Biotechnology, IL, USA) was used to extract the
protein of brain tissue, and the extracted pro-
tein concentration was evaluated by the bicin-
choninic acid assay. The same amount of pro-
tein extract (40 pg) and sample buffer were
mingled adequately and stayed at 95°C water
for 5 minutes before loading onto 10% poly-
acrylamide gels. The proteins were transferred
to Hybond nylon membrane (Amersham, Pi-
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The SPSS for Windows, ver-

sion 16.0 (SPSS Inc, Chi-
cago, IL, USA) was employed to analyze all the
data. The infarct volume and neurological defi-
cit scores between MCAO group and exercise
with MCAO group were compared by an inde-
pendent t-test. The relative image density
among three groups were analyzed by one-way
analysis of variance (ANOVA) followed by post-
hoc test, LSD. Data were showed as means +
SD. The significant level was set as 0.05 in all
statistical assessments.

Results
Physiological variables

There were not significant differences of pH
(hydrogen ion concentration) values, paCO2
(partial pressure of carbon dioxide in artery),
and pa02 (partial pressure of oxygen in arterial
blood) among the three groups (P > 0.05).
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Figure 4. Relative image density of phospho-MEK1/2. The expression of phos-
pho-MEK1/2 was higher in MCAO group than sham surgery group and was par-
tially alleviated by exercise preconditioning. Data represent mean * SD. #P <
0.05 relative to sham surgery. **P < 0.05 relative to MCAO+Exercise. *P < 0.05

There were significant dif-
ferences of PI3K levels

relative to MCAO.

Behavioral scores

The behavioral scores evaluation was per-
formed 48 hours after reperfusion. There were
no neurological symptoms in sham surgery gr-
oup. There was a significant difference of be-
havior scores between MCAO group and exer-
cise with MCAO group (P < 0.05), as shown in
Figure 1. The neurological deficit scores of ex-
ercise with MCAO group were lower than MCAO
group.
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among the three groups
(Figure 5). The expression
of PI3K was higher in MCAO
group than sham surgery group (P < 0.05) and
the expression of PI3K was higher in exercise
with MCAO group than MCAO group (P < 0.05).

Discussion

Ischemic stroke is a main cause of death in the
worldwide. Therefore, how to alleviate brain da-
mage after ischemic stroke required more and
more attention. A series of intervention meth-
ods were applied to realize this purpose, includ-
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It was reported that Ferulic
PI3K acid could attenuate the
brain ischemic injury-indu-
ced down-regulation in the
phosphorylation of MEK1/
2 and ERKZ1/2, indicating
that both MEK1/2 and ER-
K1/2 were involved in the
neuroprotective mechani-
sm following cerebral isch-
- emia [25]. The Raf/MEK/
- ERK/pO0ORSK cascade was
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Figure 5. Relative image density of PI3K. The expression of PI3K was higher in
MCAO group than sham surgery group and was obviously up-regulated by exer-
cise preconditioning. Data represent mean * SD. #P < 0.05 relative to sham
surgery. **P < 0.05 relative to MCAO+Exercise. *P < 0.05 relative to MCAO.

ing physical activity [16]. In order to educate
more people with high risk factors of stroke
to begin to do regular exercises, the neuropro-
tection mechanism of exercise should be
clarified.

In the clinic, it was reported that physical exer-
cise could alleviate high arterial blood pres-
sure, mitigate obesity, alleviate glucose and
lipid metabolic disorders and decrease the
abnormal rheological properties of blood [17-
19]. Moreover, physical exercise was reported
to promote endothelial function, partly via acti-
vating extracellular superoxide dismutase
(ecSOD) and endothelial nitric oxide synthase
(eNOS) [18]. Other benefits of exercise training
included decreasing fibrinolysis, blood viscosi-
ty [20] and plasma fibrinogen concentration,
increase High-density lipoprotein (HDL) choles-
terol and promote plasma tissue plasminogen
activator activity [21].

Ginsenoside Rd reduced ischemia/reperfusion
injury in ischemic stroke rat, involving in both
PI3K/Aktand ERK1/2 pathways [22]. Activation
of the PI3K pathway could alleviate brain injury
following cerebral infarction by cilnidipine [23].
Quercetin advanced exercise-regulated func-
tional recovery after ischemic stroek by up-reg-
ulating PI3K/Akt activity to promote antioxida-
tive and anti-apoptotic signaling [24].
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- ) erting neuroprotective eff-
ects on the brain [26].

Previous studies indicated
that inhibiting mitogen-acti-
vated protein kinase (MA-
PK)/ERK kinase (MEK1) co-
uld mitigate brain injury of
mice after ischemic stroke, indicating that the
MEK1-ERK1/2 pathway was closely related to
brain injury in the process of ischemic stroke
[10, 27]. Therefore, over-activation of MEK1-
ERK1/2 pathway after stroke is harmful, and
interventions which could decrease this effect
might alleviate ischemia-induced damage.

Our recent paper reported that exercise pre-
conditioning promoted SOD activity and re-
duced MDA levels, indicating that pre-ischemic
treadmill training exercise promoted antioxi-
dant ability and alleviated oxidative damage for
brain tissue [28]. In this study, pre-ischemic
treadmill training decreased brain infarct vol-
ume and neurological deficits, also mitigated
the over expression of phosphor-MEK1/2 after
ischemic stroke.

In conclusion, our results indicated that exer-
cise preconditioning could exert neuroprotec-
tion against ischemic injury by inhibiting the
over-expression of phosphor-MEK1/2 and in-
creasing the expression of PI3K after cerebral
ischemia after cerebral ischemia, producing
brain ischemic tolerance.
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