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Abstract 

Hyperglycemia is known to exacerbate neuronal death resulted from cerebral ischemia. The 
mechanisms are not fully understood. The mammalian target of rapamycin (mTOR) pathway 
regulates cell growth, division and apoptosis. Recent studies suggest that activation of mTOR may 
mediate ischemic brain damage. The objective of the present experiment is to explore whether 
mTOR mediates ischemic brain damage in acute hyperglycemic animals. Rats were subjected to 10 
min of forebrain ischemia under euglycemic, hyperglycemic and rapamycin-treated hyperglycemic 
conditions. The rat brain samples were collected from the cortex and hippocampi after 3h and 16h 
of reperfusion. The results showed that hyperglycemia significantly increased neuronal death in the 
cortex and hippocampus and the exacerbation effect of hyperglycemia was associated with further 
activation of mTOR under control and/or ischemic conditions. Inhibition of mTOR with rapamycin 
ameliorated the damage and suppressed hyperglycemia-elevated p-MTOR, p-P70S6K and p-S6. In 
addition, hyperglycemia per se increased the levels of cytosolic cytochrome c and autophagy 
marker LC3-II, while rapamycin alleviated these alterations. It is concluded that activation of 
mTOR signaling may play a detrimental role in mediating the aggravating effect of hyperglycemia on 
cerebral ischemia. 
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Introduction 
It has been well documented that preischemic 

hyperglycemia exacerbates brain damage caused by 
cerebral ischemia [1-5]. The characteristics of the 
hyperglycemia-exacerbated ischemic brain damage 
include accelerated cell death maturation time, 
enhanced tissue damage, recruitment of additional 
brain structures in to the damage process, increase of 
hemorrhagic transformation of infarction and 
development of postischemic seizures [1, 2, 4]. The 
mechanisms of hyperglycemia-enhanced ischemic 
brain damage are not fully understood but may 

include tissue acidosis [6], disturbed calcium 
homeostasis [7], productions of advanced glycation 
end products (RAGE), increases of free radicals 
through activation of the polyol pathway [8-12], 
activation of apoptotic cell death pathway [13, 14], 
initiation of neuroinflammation through activation of 
high-mobility group protein 1 (HMG-1) and toll-like 
receptors [15-18], early damage to the mitochondria 
[13, 19, 20], tilting mitochondrial dynamic balance 
towards fission [19], enhancement of autophagy 
signaling [19, 21], and increased permeability of the 
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blood-brain barrier due to activation of 
metalloproteinases and damage to astrocytes and 
endothelial cells [10, 22, 23]. These adverse effects of 
hyperglycemia have not only been observed in 
chronic diabetic models but also in acute 
hyperglycemia caused by glucose infusion or injection 
[24, 25]. Recently we observed that mammalian target 
of rapamycin (mTOR) signaling may mediate 
hyperglycemia-associated ischemic brain damage in 
streptozotocin (STZ)-induced chronic (2-month) 
diabetic rats [26]. The mTOR pathway is an essential 
cellular signaling pathway involved in cell growth, 
proliferation, cellular metabolism, protein synthesis, 
gene transcription, and cell death including apoptosis, 
autophagy, and necroptosis [27]. Once being 
activated, mTOR causes phosphorylation of its 
downstream target proteins P70S6K, S6 and elF4E 
[28]. The mTOR pathway has received increasingly 
attention by neuroscientists due to its involvement in 
neurodegeneration. The role of mTOR in cerebral 
ischemia is still controversial. For example, Chong 
and colleagues reported that activation of mTOR 
protected ischemic brain damage and improved 
functional recovery cerebral ischemia in animals and 
oxygen glucose deprivation in cultured neurons [29]. 
On contrary, we have demonstrated that inhibition of 
mTOR by rapamycin significantly reduced brain 
damage in rats subjected to a transient forebrain 
ischemia and reperfusion [30]. The role of mTOR in 
hyperglycemia-enhanced ischemic brain damage has 
barely been examined. The only study was reported 
by our group, in which the exacerbated ischemic brain 
damage in STZ-induced chronic diabetic animals was 
ameliorated by rapamycin treatment [26]. The chronic 
diabetic model is characterized by hyperglycemia and 
potential vascular complications. Rapamycin has been 
shown to pass through the blood-brain barrier [31], 
making it an attractive therapeutic candidate for 
neurological diseases. The objective of the present 
study was to examine the role of mTOR in acute 
hyperglycemic ischemic rats. To that end, we infused 
glucose to the animals 40 min prior to the induction of 
a 10 min transient global ischemia and evaluated the 
histopathological outcomes in the cerebral cortex and 
hippocampus after reperfusion of 3h and 16h in 
euglycemic, hyperglycemic and rapamycin-treated 
hyperglycemic animals. The results were correlated to 
key indicators of mTOR signaling proteins. In 
addition, because cytochrome c release from the 
mitochondria to cytosol is an initial critical step to 
activate mitochondria-initiated caspase dependent 
cell death pathway [32] and rapamycin has been 
shown to activate autophagy [33], we measured 
cytosolic cytochrome c and LC3-II. The results showed 
that acute hyperglycemia increased brain damage, 

activated mTOR pathway, and increased the release 
of cytochrome c and levels of LC3-II under control 
and after ischemic conditions. Treatment with 
rapamycin reduced brain damage and inhibited the 
hyperglycemic ischemia induced mTOR alterations. 

Materials and Methods  
Animals 

All procedures were approved by the 
Institutional Animal Care and Usage Committee 
(IACUC) at North Carolina Central University. Adult 
male Wistar rats (Charles River Laboratories) 
weighing between 230 and 260 g were used for all 
experiments. The animals were housed in the 
Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC) International 
approved animal facility on campus. The animal 
housing room had controlled temperature of 20±2°C, 
humidity to 40-60%, and a 12-hour light/12-hour dark 
cycle. Animals had free access to food and water 
before surgery. The animals fasted overnight with free 
access to water prior to the surgical day. All efforts 
were made to minimize animal suffering, to reduce 
the number of animals, and to use alternatives to in 
vivo techniques, if available.  

Eighty-four animals were randomly divided into 
3 groups: euglycemic, hyperglycemic and 
hyperglycemic + rapamycin (n=28 in each of the 3 
groups). Each group contained a sham control (n=8) 
ischemia plus 3h reperfusion (I/R 3h, n=10) and 
ischemia plus 16h reperfusion (I/R 16h, n=10). Four 
animals from sham and 6 animals from both I/R 3h 
and I/R 16h were perfusion-fixed and used for 
histology examination. The brain samples from the 
rest of the animals were snap frozen in liquid nitrogen 
and used for Western blot analysis. One hundred 
percentage success rate was achieved in animal model 
induction.  

Rapamycin injection 
Rapamycin (LC Laboratories, USA) was 

dissolved initially in 100% ethanol to a 20 mg/ml 
stock solution, which was stored at −20°C. 
Immediately before use, the stock solution was 
diluted in 5% Tween 80 and 5% polyethyleneglycol 
400 to a final concentration of 4% ethanol. Rapamycin 
(6 mg/kg/d) was intraperitoneally (i.p) injected 7 
days prior to the induction of ischemia in rapamycin 
treated subgroup. Animals in Vehicle group were 
injected with a solution containing 4% ethanol, 5% 
Tween 80 and 5% polyethyleneglycol 400.  

Operative procedures 
The animals were anesthetized by inhalation of 

3.0% isoflurane in a mixture of N2O and O2 (70:30) and 
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maintained at 1.0-2.0% during the surgery. A midline 
incision was made in the ventral cervical area to 
expose the common carotid arteries. A central catheter 
was inserted into the right jugular vein for the 
withdrawal of blood. A tail artery was cannulated for 
blood pressure monitoring. A rectal thermometer was 
inserted to monitor body temperature. Head 
temperature was monitored by placing another 
needle thermometer subcutaneously on the temporal 
muscle. Both rectal and head temperatures were 
maintained close to 37 ± 0.5°C by lamp heating 
combined with an Automated Thermal Control Unit 
(DC Temperature Controller, FHS 40-90-8D, Bowdoin, 
ME) during the surgical procedures. Blood pressure 
was monitored using a pressure monitor (BP-1, World 
Precision Instruments).  

Induction of hyperglycemia and ischemia 
Acute hyperglycemia was induced by i.v. 

infusion of 25% glucose solution (2.5 to 3.0 ml/h) 40 
min prior to the induction of ischemia to yield a 
plasma glucose concentration of 16-25 mg/L. Blood 
glucose levels were measured using OneTouch 
Glucometer (OneTouch®) 5 min after infusion and 5 
min prior to the induction of cerebral ischemia. 
Transient forebrain cerebral ischemia (10 min) was 
induced using a two-vessel occlusion (2-VO) method 
plus systemic hypotension, in which both the 
common carotid arteries were occluded with vascular 
clamps for 10 min and blood was withdrawn through 
the central catheter inserted into the jugular vein to 
maintain the blood pressure at 40 to 50 mmHg during 
the ischemic period. Ischemia was terminated by 
reinfusion of the shed blood and removal of the 
carotid clamps. Animals that experienced the same 
surgical procedure but without occlusion of the 
common carotid arteries and withdrawal of blood 
were used as sham-operated controls. Because 
previous reports have shown that hyperglycemic 
ischemia induces postischemic seizure and animal 
death of status epilepticus after 16-24 h of reperfusion, 
we have selected 3 and 16 hours of reperfusion as the 
experimental end points in the present study. 

Histology  
Upon predetermined end points, the animal 

brains were perfusion fixed by 4% paraformaldehyde 
through a transcardiac catheter. The brains were 
removed from the skull, placed in a pre-cooled rat 
brain matrix, cut into 3 coronal blocks of 4 mm each 
and post-fixed with 4% paraformaldehyde for 24 h. 
The blocks were dehydrated in ascending 
concentrations of ethanol, embedded in paraffin, and 
sectioned at 5 μm thickness. For routine histology, the 
sections were stained with celestine blue and acid 

fuchsin. Neuronal death was examined under a light 
microscope (Olympus IX51) at 400× magnification. 
Bright red-stained acidophilic neurons with 
shrunken, triangular dense purple nuclei were 
considered to be dead neurons. The numbers of dead 
cells were counted in 5 microscopic fields in the 
parietal cortex and throughout the hippocampal CA1 
subregion. The results are presented as percentage of 
dead neurons.  

Western blotting  
The cerebral cortex and hippocampi were gently 

separated, quickly frozen in liquid nitrogen and then 
stored in a -80°C freezer until used. The tissues were 
individually homogenized in a pre-cooled suspension 
buffer (15 mM Tris base/HCL (pH 7.7), 0.25 M 
sucrose, 15 mM NaCl, 1.5 mM MgCl2, 2.5 mM EDTA, 
0.25 mM Na3VO4, 25 mM NaF, 1 mM EGTA, 2 mM 
NaPPi) containing a protease inhibitor cocktail 
(Complete Tablets, Roche), 1 mM DTT, and 0.5 mM 
PMSF. Cytosolic and nuclear fractions were separated 
through a series of centrifugations. Protein contents of 
the samples were measured using a Microplate BCA 
Protein Assay kit (Thermo Scientific). An equal 
amount of protein (25 μg) was loaded into each lane, 
separated in 4%–12% NuPAGE gels (Invitrogen, 
Carlsbad, CA, USA), transferred to PVDF membranes 
(Millipore), and probed with the primary antibodies 
listed in Table 1. Blots were imaged using a LI-COR 
Biosciences Odyssey Infrared Fluorescent scanner 
(Lincoln, NE, USA). Both target protein bands and 
internal loading control protein bands were measured 
using LI-COR software and are presented as a ratio of 
the target protein band fluorescent intensity over the 
loading control protein band intensity.  

 

Table 1. Primary antibodies used in this study.  

Antibodies Source Dilutions Manufacturer Application 
p-mTOR (Ser 2448) Rabbit 1:200 Cell Signaling WB 
p-P70S6K (T421/S424) Rabbit 1:800 Cell Signaling WB 
p-S6 (Ser235+236) Rabbit 1:200 Thermo WB 
Cyt c Mouse 1:1000 Cell Signaling WB 
LC3-II Rabbit 1:800 Abcam WB 
β-actin Mouse 1:1000 Cell Signaling WB 
WB, Western blot. 

 

Statistical analysis 
Data are represented as mean±s.d. Statistical 

analyses were perform using SPSS statistical software 
package version 13.0. ANOVA followed by 
Bonferroni post hoc test to detect differences among 
the three experimental groups. A p<0.05 was 
considered statistically significant.  
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Results 
Blood glucose concentrations 

Blood glucose concentrations measured at 5 min 
prior to the induction of cerebral ischemia were 
presented in Table 2. The average blood glucose 
levels in the euglycemic group (EG) were 4.53 to 5.00 
mM, while those in the hyperglycemic group (HG) 
were 18.83 to 20.40 mM (p<0.01 vs. EG) and in 
hyperglycemia plus rapamycin (HG+RAPA) 
treatment were 18.82 to 20.14 mM (p<0.01 vs. EG). 

Table 2. Blood glucose levels in the rats 

Group n Blood glucose (mmol/L) 
Sham (n=8 in 
each) 

I/R 3h (n=10 in 
each) 

I/R 16h (n=10 in 
each)  

EG 28 4.53±0.54 4.79±0.48 5.00±0.56 
HG 28 18.83±1.59** 20.40±2.19** 19.75±1.99** 
HG+RAPA 28 18.82±1.89** 20.14±1.20** 19.76±2.61** 
**p<0.01 vs. EG. 

 

Rapamycin ameliorated hyperglycemia 
aggravated ischemia-induced neuronal death 

The pathological outcomes in the cortex are 
given in Figure 1A and 1B. As shown in the Figure 1, a 
few scattered dead neurons were observed in the 
sham-operated euglycemic animals. Transient 
cerebral ischemia resulted in a mildly increased 
number of dead neurons in the cortex after 3h of 
reperfusion (p<0.01) and the damage remained at 
high level after 16h of reperfusion in euglycemic 
animals compared with the sham control (Figure 1A 
and 1B). Acute hyperglycemia, however, significantly 
increased the percentage of dead neurons in the cortex 
after reperfusion. Therefore, the percentage of dead 
neurons was moderately increased from 4.29±1.68% 
in sham control to 12.88±2.76% in hyperglycemic 
ischemia with 3h of recovery (p<0.01), and a more 
drastic increase (44.32±7.69%) was occurred after 16h 
of recovery. Treatment with rapamycin in 
hyperglycemic animals significantly decreased the 
percentage of damage from 12.88±2.76% to 
6.57±2.04% after 3h (p<0.05) and from 44.32±7.69% to 
10.46±2.13% after 16h of reperfusion (p<0.01). 

The histopathological outcomes in the 
hippocampal CA1 region (Figure 1C and 1D) 
followed the same trend as in the cortex. Ten minutes 
transient forebrain ischemia in euglycemic rats caused 
a mild increase in the percentage of dead neurons 
after 3 and 16 h of reperfusion (p<0.01). In contrast, 
hyperglycemia significantly increased the damage 
from 6.07±1.98% in control to 44.67±7.77% at 3h and to 
79.82±6.69% at 16h of reperfusion (p<0.01). Treatment 
with rapamycin in hyperglycemic animals reduced 
the damage to 6.89±4.04% at 3h and 19.50±2.12% at 

16h of recovery (p<0.01). 

Rapamycin suppressed 
hyperglycemia-activated mTOR signaling after 
Ischemia and reperfusion 

Protein levels of phospho-mTOR (p-mTOR) and 
its downstream effectors p-P70S6K and p-S6 were 
measured in both the cortex and hippocampus. In the 
cortex (Figure 2 A&B), cerebral ischemia significantly 
increased the levels of p-mTOR from 0.12±0.03 and 
p-S6 from 0.08±0.01 in control to 0.32±0.06 and 
0.36±0.01 (p<0.01) after 3h of reperfusion in 
euglycemic animals. However, the levels of p-P70S6K 
were not significantly changed at 3h. At 16h of 
reperfusion, p-mTOR remained at high level 
(0.37±0.06, p<0.01), p-P70S6K significantly elevated 
(1.83±0.18, p<0.01), while p-S6 levels were declined 
but remained higher than the control levels (p<0.01). 
Hyperglycemia per se, without combination of 
cerebral ischemia, increased the levels of p-mTOR 
(0.31±0.07 versus 0.12±0.03, P<0.01), p-P70S6K 
(1.59±0.09 versus 0.99±0.14, p<0.01) and p-S6 
(0.31±0.02 versus 0.08±0.01, p<0.01). Ischemia in 
hyperglycemic rats failed to further increase the 
already elevated p-mTOR protein after 3 and 16 h of 
reperfusion, but it further increased the levels of 
p-P70S6K and p-S6 (p<0.05). Rapamycin treatment 
suppressed or completely reversed the 
hyperglycemia-associated elevations of p-P70S6K 
(0.67±0.06 versus 0.99±0.14, p<0.01) and p-S6 
(0.01±0.002 versus 0.08±0.01, p<0.01) under sham 
control conditions. The p-mTOR level in sham control 
was lowered by rapamycin but it did not reach 
statistical significance. Rapamycin also inhibited the 
hyperglycemic ischemia induced elevations of 
p-P70S6K (1.48±0.23 versus 2.13±0.32, p<0.05) and 
p-S6 (0.10±0.01 versus 0.37±0.02, p<0.01) after 3h of 
reperfusion. The suppression to all three proteins by 
rapamycin was observed after 16 h of reperfusion.  

In the hippocampus (Figure 2 C&D), cerebral 
ischemia in euglycemic animals increased the levels of 
p-P70S6K from 0.22±0.05 to 0.58±0.12 after 3h (p<0.01) 
and to 0.49±0.09 after 16h of reperfusion (p<0.05) and 
the levels of p-S6 from 0.04±0.01 in control and 
0.21±0.05 (p<0.01) after 16h of reperfusion. However, 
the p-mTOR was not affected by euglycemic ischemia. 
Hyperglycemia per se increased the level of p-P70S6K 
from 0.22±0.05 to 0.76±0.12 (p<0.01), but not p-mTOR 
orp-S6. Ischemia in hyperglycemic animals 
significantly increased the levels of p-mTOR 
(0.37±0.05 versus 0.66±0.12, p<0.05) and p-S6 
(0.10±0.04 versus 0.76±0.12, p<0.01) at 3h of 
reperfusion, while p-P70S6K level remained high at 
this time point compared with the euglycemic control. 
The levels of p-mTOR at 3h (0.66±0.12) and p-S6 at 3h 
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(0.76±0.12) and 16h (0.42±0.05) were much higher in 
hyperglycemic animals than in euglycemic samples. 
Rapamycin treatment suppressed the 
hyperglycemia-induced increases of p-P70S6K 
(0.76±0.12 versus 0.43±0.06, p<0.05) and p-S6 
(0.08±0.03 versus 0.01±0.005, p<0.05) in sham controls. 
Similarly, rapamycin deceased the levels of p-mTOR, 
p-P70S6K and p-S6 at 3h and 16h of reperfusion in 
general, but more pronounced reductions were 
observed for p-S6 at 3h and 16h of recovery compared 
with the hyperglycemic ischemic groups (p<0.01). 

Rapamycin reduced cytosolic cytochrome c 
after ischemia and reperfusion in 
hyperglycemic animals 

Cytochrome c release is a critical step in 
activating the caspase-dependent cell death pathway. 
To examine whether hyperglycemia and rapamycin 
have any effect on cytochrome c release, we measured 
cytochrome c levels in the cytosolic fraction in 
euglycemic, hyperglycemic and hyperglycemic plus 
rapamycin treated ischemic animals. In the cerebral 
cortex (Figure 3 A, B), ischemia in euglycemic animals 
significantly increased the cytosolic cytochrome c 
from 0.43±0.07 to 0.81±0.08 at 3h (p<0.01) and 
0.93±0.15 at 16h (p<0.01). Hyperglycemia per se 
increased cytosolic cytochrome c, but the increase did 
not reach statistical significance. Hyperglycemic 
ischemia increased the cytochrome c levels after 3h 
and 16h. However, these increases were not 
significantly higher than those in euglycemic animals 
that experienced same length of reperfusion periods. 
Treatment with rapamycin significantly reduced the 
cytochrome c levels in sham control, ischemia with 3h 
reperfusion and 16h reperfusion compared with the 
hyperglycemic animal under the same conditions. In 
the hippocampus (Figure 3 C, D), transient cerebral 
ischemia in euglycemic animals significantly 
increased the levels of cytochrome c from 0.36±0.07 in 
control to 0.74±0.10 after 3h of reperfusion (p<0.01) 
and the levels were further increased to 0.98±0.19 at 
16h of reperfusion (p<0.01). Hyperglycemia per se 
significantly increased the levels of cytochrome c 
compared with the euglycemic control (0.36±0.07 
versus 0.69±0.08, p<0.01). After ischemia and 
reperfusion, the high cytosolic cytochrome c levels 
were maintained in hyperglycemic groups. 
Rapamycin significantly reduced the levels of 
cytochrome c in control and after ischemia and 
reperfusion of 3h and 16h. 

Rapamycin inhibited the 
hyperglycemia-induced increases of LC3-II in 
the cortex and hippocampus 

To assess the level of autophagy after 

hyperglycemic ischemia and rapamycin treatment, we 
measured the most commonly used autophagy 
markers, LC3-II in the cytosolic fractions. In the cortex 
(Figure 4 A, B), ischemia in euglycemic animals 
resulted in significant increases of LC3-II protein level 
after 3h (0.75±0.06, p<0.01) and 16h (0.99±0.20, p<0.01) 
compared with control (0.27±0.09). Hyperglycemia per 
se increased the levels of LC3-II compared with the 
euglycemic control (0.68±0.11 versus 0.27±0.09, 
p<0.01). Following hyperglycemic ischemia, the 
LC3-II levels maintained at high level at 3h and 16h of 
reperfusion. Rapamycin treatment completely 
prevented the hyperglycemia-stimulated increase of 
LC3-II under control condition (0.68±0.11 versus 
0.17±0.03, p<0.01). Rapamycin also reduced the levels 
of LC3-II after 3h and 16h of reperfusion. However, 
the reduction did not reached statistical significance 
compared with the levels in hyperglycemic ischemic 
samples at identical reperfusion endpoint. In the 
hippocampus (Figure 4 C, D), euglycemic ischemia 
increased LC3-II after 16h of reperfusion compared 
with the control (0.67±0.11 versus 0.11±0.03, p<0.01). 
Similar to the observation in the cortex, 
hyperglycemia per se significantly increased the level 
of LC3-II without ischemia and reperfusion compared 
with the euglycemic control (0.62±0.10 versus 
0.11±0.03, p<0.01). The LC3-II level was kept at high 
levels after 3h (0.74±0.06) and 16h (0.47±0.07) of 
reperfusion. Rapamycin treatment blocked the 
hyperglycemia-induced elevation of LC3-II in sham 
control and ischemia with 3h and 16h of reperfusion. 

Discussion 
In the present study, we have demonstrated that 

acute preischemic hyperglycemia enhanced ischemic 
brain damage. The exacerbation effects of 
hyperglycemia on ischemic stroke was associated 
with activation of mTOR signaling, release of 
cytochrome c, and increase in autophagy marker 
LC3-II. Treatment with mTOR inhibitor rapamycin 
significantly reduced the hyperglycemia-exaggerated 
ischemic damage, suppressed the mTOR signaling, 
inhibited the release of cytochrome c, and reduced the 
levels of LC3-II. 

Preischemic hyperglycemia induced either by 
chronic diabetes, acute elevation of glucose by food 
ingestion, or glucose infusion increases ischemia and 
reperfusion induced brain damage. When glucose 
levels increase to above 144mg/dL in stroke patients, 
their mortality and rate of permanent disability 
increases 3-fold compared with euglycemic patients 
[34]. Our results demonstrated that hyperglycemia 
enhanced ischemic brain damage in early reperfusion 
stage in both the cerebral cortex and hippocampus. 
These findings are consistent with the long-standing 
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documentation that hyperglycemia shortens damage 
maturation period and enhances brain damage 
caused by transient cerebral ischemia [2, 35]. 
Although the exacerbation effects of hyperglycemia 
on ischemic brain damage is well documented, the 
underlying mechanisms by which hyperglycemia 
enhances ischemic brain damage remain unclear. In 
this experiment, we studied the participation of 
mTOR signaling in mediating the adverse effects of 
hyperglycemia on ischemia by measuring the key 
proteins in the mTOR pathway and by applying an 
mTOR inhibitor in hyperglycemic ischemic animals. 
The results showed that ischemia in euglycemic 
animals increased the levels of p-mTOR, p-P70S6K 
and p-S6 in the cortical and/or hippocampal 
structures. This is consistent with our previous study 
in euglycemic animals [30], confirming that cerebral 
ischemia activates the mTOR pathway. 
Hyperglycemia further increased the levels of 
p-P70S6K and p-S6 in the cortex and hippocampus 

and p-mTOR in the hippocampus. Interestingly, 
hyperglycemia per se caused significant increases of 
p-mTOR, p-P70S6K in the cortex and p-S6 in both the 
cortex and hippocampus. Similar findings were also 
observed in streptozotocin induced 2-month diabetic 
rats [26]. Thus, the p-P70S6K was increased in diabetic 
sham control and reperfusion of 16h following a 
10-min global ischemia in diabetic rats compared with 
the normoglycemic rats. Taken together, these 
findings suggest that hyperglycemic ischemia exerts a 
highly pronounced influence on mTOR signaling 
compared with euglycemic ischemia and that 
hyperglycemia per se is capable of activating the 
mTOR pathway, which may predispose the brain 
tissue to be vulnerable to ischemic injury. The pitfall 
for this part of the study is that the total protein levels 
of mTOR, P70S6K and S6 were not measure although 
the phosphorylation of these proteins indicates the 
mTOR pathway activation.  

 

 
Figure 1. Histopathological outcomes in the neocortex (A,B) and hippocampal CA1 region (C,D) after cerebral ischemia and reperfusion (I/R) 
in euglycemic (EG), hyperglycemic (HG) and rapamycin treated hyperglycemic (HG+RAPA) animals. A and C, representative microphotographs 
showing histological outcomes in the cortex (A) and hippocampal CA1 (C) area; B and D, summarized percentage of death in each group in the cortex (B) and CA1 
(D). Euglycemic ischemia moderately increased neuronal death, which was significantly enhanced by hyperglycemia. Celestine blue and acid fuchsin staining. Arrows 
indicate dead neurons. Bar = 50 μm. Data are presented as means ± s.d. ∆∆ p< 0.01 versus sham group within each group. * p<0.05 and **p<0.01 versus EG at the same 
reperfusion endpoint. # p<0.05 and ## p<0.01 HG versus HG+RAPA. Statistical annotations are the same for Figures 2-4. 
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Figure 2. Western blot analyses of p-mTOR, p-P70S6K and p-S6 in the cytosolic fractions of the cortical and hippocampal samples. A and C, 
representative Western blots in the cortex (A) and hippocampus (C). B and D, summarized target band densities of the cortical (B) and hippocampal (D) samples. 
Euglycemic ischemia activated the mTOR and its downstream proteins in the cortex and/or hippocampus. Hyperglycemia per se increased the levels of detected 
mTOR pathway proteins and ischemia maintained the high levels of these proteins in hyperglycemic animals. Rapamycin suppressed the hyperglycemia-elevated 
mTOR pathway proteins in control and after ischemia and reperfusion injury. I/R, ischemia and reperfusion; EG, euglycemia; HG, hyperglycemia; HG+RAPA, 
rapamycin treated hyperglycemic animals.  

 
The participation of m-TOR in mediating 

hyperglycemia-enhanced ischemic brain damage is 
further supported by the results showing that 
inhibition of mTOR by rapamycin significantly 
reduced ischemic brain damage in hyperglycemic 
animals. The percentage of neuronal death in the 
cortex was reduced from 44.32% in hyperglycemic 
ischemic animals to 10.46% by rapamycin at 16h of 
reperfusion. Similarly, the percentages of neuronal 
death in the hippocampal CA1 were reduced from 
44.67% and 79.82% at 3h and 16h in hyperglycemic 
animals to 6.89% and 19.50% by rapamycin treatment. 

These agree with previous reports in ischemic animals 
under both hyperglycemic and normoglycemic 
conditions [26, 30]. The observed protecting effect of 
rapamycin against ischemic brain injury in the 
hyperglycemic animals was associated with 
suppression of m-TOR signaling. Therefore, 
rapamycin suppressed not only elevations of 
p-mTOR, p-P70S6K and p-S6 caused by 
hyperglycemic ischemia but also normalized these 
protein levels in hyperglycemic control samples. 
Because the protective effects of rapamycin have also 
been observed in ischemic animals under normo- and 
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chronic hyperglycemic conditions[26, 30], it is likely 
that inhibition of mTOR signaling is one of the major 
mechanisms that rapamycin reduces ischemic brain 
damage under both euglycemic and hyperglycemic 

conditions. This study extended the model to acute 
hyperglycemia as seen in clinic due feeding, stress 
and intravenous infusion caused elevation of plasma 
glucose levels. 

 

 
Figure 3. Western blot analyses of cytochrome c in the cytosolic fractions of the cortical and hippocampal samples. A and C, representative 
Western blots in the cortex (A) and hippocampus (C). B and D, summarized cytochrome c band optical densities of the cortical (B) and hippocampal (D) samples. 
Euglycemic (EG) ischemia increased the cytosolic cytochrome c. Hyperglycemia (HG) increased the baseline cytochrome c levels. After ischemia and reperfusion, the 
cytochrome c further increased in hyperglycemic animals compared with the control but not significantly higher than euglycemic ischemic samples. Rapamycin 
treatment in hyperglycemic animals (HG+RAPA) significantly reduced the levels of cytochrome c in the both control and ischemic samples.  

 
Figure. 4. Western blot analyses of LC3-II in the cytosolic fractions of the cortical and hippocampal samples. A and C, representative Western blots 
in the cortex (A) and hippocampus (C). B and D, summarized LC3-II band optical densities of the cortical (B) and hippocampal (D) samples. Euglycemic ischemia 
increased the cytosolic LC3-II. Hyperglycemia increased the baseline levels of LC3-II and maintained the high levels after ischemia and reperfusion. Rapamycin 
treatment significantly reduced the levels of LC3-II in the both hyperglycemic control and hyperglycemic ischemic samples.  
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Cytochrome c release from the mitochondria to 
the cytosol plays a pivotal role in activating 
caspase-dependent apoptotic cell death pathway. In 
present study, we measured the level of cytochrome c. 
The results showed that cytosolic cytochrome c 
increased after I/R in the euglycemic group and the 
level increased as the reperfusion hours progressed. 
Hyperglycemia did not further increase the 
cytochrome c in control and after I/R compared with 
the euglycemic animals in the cortex. However, 
hyperglycemia resulted in a significant elevation of 
cytosolic cytochrome c in sham control of the 
hippocampal samples compared with the euglycemic 
animals. These data suggest that 1) cytochrome c 
release may be involved in mediating cell damage in 
euglycemic ischemia, 2) hyperglycemia-enhanced 
ischemia may not be associated with further 
exacerbation of cytochrome c release, and 3) the 
elevated cytochrome c in sham control of the 
hyperglycemic hippocampal samples may predispose 
the brain tissue to be vulnerable to ischemic injury. 
The present findings are at variance with previous 
studies showing that hyperglycemia increases 
cytochrome c release and activates capases-9 and -3 
following forebrain ischemia [13, 24] and focal 
ischemia [14]. Nevertheless, rapamycin significantly 
inhibited the cytochrome c levels in hyperglycemic 
control and ischemic samples. This suggests that 
rapamycin is capable of inhibiting intrinsic cell death 
pathway through an undefined mechanism. Jing and 
colleagues [36] reported that rapamycin 
administration decreased cytochrome c release from 
the mitochondria to the cytosol in a rat model of 
subarachnoid hemorrhage and alleviated brain injury, 
which is consistent with our observation. 

Autophagy is a lysosome degradation pathway 
that plays an important role in maintaining cell 
homeostasis. The existence of autophagy in ischemic 
stroke has been found for many years; however, it is 
not certain whether autophagy plays a protective or 
detrimental role in ischemic cerebral injury 
[37].Treatment with an autophagy inhibitor decreased 
the number of neuronal cells, whereas an autophagy 
inducer increased the number of cells under hypoxic 
stress, suggesting that autophagy promotes neuronal 
cell survival under hypoxic stress [38]. On the other 
hand, high glucose decreased LC3-II in endothelial 
cells [39] and inhibition of autophagy by RNA 
interference-mediated downregulation of Beclin 1 
attenuated cerebral ischemic injury in rats [40]. In 
present study, we observed that ischemia in 
euglycemic animals significantly increased the levels 
of LC3-II and the neuroprotective effect of rapamycin 
was associated with inhibition of LC3-II, suggesting 
that autophagy may likely be associated with cell 

death in the present experimental setting. We have 
also observed that hyperglycemia per se significantly 
increased the levels of LC3-II in both the cortex and 
hippocampus and that the LC3-II remained at high 
level after ischemia and reperfusion in hyperglycemic 
animals. Compared with the euglycemic ischemic 
animals, hyperglycemia increased the level of LC3-II 
in the hippocampus after 3h of reperfusion but not in 
other time point or in the cortex. This suggest that 
hyperglycemia itself may affect the autophagy 
signaling and hyperglycemia-enhanced ischemic 
brain damage may or may not be associated with 
autophagy. However, since treatment with rapamycin 
blocked or ameliorated the LC3-II in hyperglycemic 
groups, this suggests that hyperglycemia may activate 
autophagy and inhibition of this process is protective 
in against hyperglycemic ischemia. It is interesting 
though that rapamycin is known to activate 
autophagy under physiological conditions [33], yet in 
this study and one of our previous experiments [30], 
we found that rapamycin inhibited the autophagy 
under cerebral ischemic condition. The complicated 
cross-talk between the survival kinases, different 
models, dosages, the administration routes of drugs 
and other sealed factors could be the reasons resulting 
these diverse outcomes. Kurdi and colleagues [41] 
administrated everolimus (rapamycin analogs) to 
mice for short term and long term respectively, and 
discovered that short term use of everolimus induced 
autophagy whereas continuous use of everolimus 
inhibited autophagy. This may explain controversial 
results of rapamycin in autophagy. 

 Taken together, the present study suggests that 
hyperglycemia enhances ischemic brain damage and 
activates mTOR signaling. Rapamycin apparently 
alleviates ischemic brain damage in hyperglycemic 
rats and this beneficial effect is associated with 
inhibition of mTOR. 
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