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	 Background:	 Activation of AKT pathway attenuates brain damage and neuronal apoptosis during cerebral ischemia/reper-
fusion (I/R) injury. SC79 is a novel, selective and highly-efficient Akt activator. This study aimed to investigate 
the neuroprotective effect of SC79 against cerebral I/R injury in a rat model, and to explore the possible un-
derlying mechanisms.

	 Material/Methods:	 Male Sprague-Dawley rats received cerebral ischemia for 1 hour, followed by brain reperfusion for 0.5–24 hours. 
The cerebral I/R injury animal model were treated with SC79 alone or SC79 in combination with LY294002. 
Western blots were used to detect the levels of expression of phosphatidylinositol AKT (p-Akt), Bax, and bcl-
2. Twenty-four hours after cerebral I/R, the degree of brain injury was evaluated by detecting the neurological 
deficit score (NDS). The infarct rate of brain tissue was observed by TTC (2, 3, 5-triphenyltetrazolium chloride) 
staining. TUNEL (terminal deoxynucleotidyl transferase-mediated UTP nick end labeling) staining was used to 
detect cell apoptosis.

	 Results:	 p-Akt was activated during early cerebral I/R at 0.5 hours, and reached the highest levels at 4 hours, then grad-
ually decreased from 6 hours, and reached and maintained the lowest levels at 12–24 hours. Bax expression 
was gradually increased from 6 hours and reached the highest level at 24 hours. However, bcl-2 expression 
was gradually increased and reached the highest levels at 4 hours, then gradually decreased from 6 hours, and 
reached the lowest levels at 24 hours. Administration of SC79 decreased infarct volumes and improved neu-
rological function significantly. LY294002 in combination with SC79 lost the capability of SC79 to resist the ce-
rebral I/R injury. SC79 treatment alone activated p-Akt and promoted anti-apoptotic bcl-2 and inhibited an-
ti-apoptotic Bax expression in middle cerebral artery occlusion (MCAO) mice. However, combined SC79 and 
LY294002 treatment abolished SC79-induced p-Akt activity, inhibited anti-apoptotic bcl-2 and promoted an-
ti-apoptotic Bax expression in MCAO mice. Furthermore, SC79 treatment alone attenuated apoptotic neuronal 
cell death, but abolished this effect in SC79 in combination with LY294002 treated groups.

	 Conclusions:	 SC79 significantly increased Akt activation and reduced infarct volume and subsequently improved neurologi-
cal function in ischemic brain after cerebral I/R injury in rats. These findings suggested that SC79 may be as a 
neuroprotective drug to be potentially used in the clinic.
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Background

Obstruction of brain-artery blood flow results in cerebral isch-
emia/reperfusion (I/R) injury (ischemic stroke), leading to cell 
death and infarction [1]. However, the exact mechanism of ce-
rebral I/R injury is still not completely understood. And effec-
tive treatment for cerebral I/R injury is needed. Cerebral I/R 
leads to neuronal injury and death involving in excitotoxicity, 
oxidative stress, programmed cell death (apoptosis), and in-
flammation [2]. Apoptosis, one of the main contributors to neu-
ronal death, has been suggested to play fundamental patho-
genic roles in cerebral I/R injury [3].

Many I/R animal models showed neuronal apoptosis [4], which 
is also evident in patients suffering from ischemic stroke [5]. 
Cerebral I/R induces the activation of a series of pro-apop-
totic genes or inactivation of anti-apoptotic genes, leading to 
neuronal cell damage [6,7]. Therefore, searching for protective 
agents directed at apoptotic pathways may provide an attrac-
tive therapeutic approach for the therapy of cerebral I/R injury.

Akt is a well-established pro-survival signaling molecule. The 
acute activation of Akt is also beneficial to prevent apoptosis 
of cardiomyocytes upon ischemic injury [8]. A growing body 
of evidence suggests that showed that activation of phos-
phatidylinositol 3-kinase (PI3K)/AKT and pathways results in 
protection against apoptosis in rat models of transient focal 
cerebral I/R, and inhibition of the PI3K/Akt pathways reduce 
the protective effect [9–11]. Therefore, identifying the genu-
ine activator of Akt for the therapeutic applications of cere-
bral I/R injury is needed.

SC79, a small molecule Akt activator, specially suppresses Akt 
membrane translocation while activating Akt in the cytosol [12]. 
It has shown cytoprotective effects in experimental ischemia-
elicited neuronal death [12]. It protected against early brain 
injuries through the dual activities of antioxidation and anti-
apoptosis [13]. In addition, SC79 has proved to have not signif-
icant side-effects in experimental mice and human cells [12], 
suggesting that the molecule could possibly be administered 
intravenously in patients.

In the present study, we investigate the effect of SC79 on ce-
rebral I/R injury in vivo. We observed that Akt was activated 
at early 0.5 hours following cerebral I/R and reached the high-
est levels at 4 hours, then the Akt phosphorylation (pAkt) was 
gradually reduced and restored and maintained to the origi-
nal level at 12–24 hours. SC79 significantly induced pAkt and 
bcl-2 expression and downregulated Bim in brain tissue. SC79 
administration effectively reduced cerebral infarct area and 
decreased infarct volume following cerebral I/R. And the un-
derlying mechanism of SC79 may relate to inhibition of neuron 

apoptosis SC79 by activate Akt signal and upregulate anti-apop-
totic bcl-2 and to downregulate pro-apoptotic Bim expression.

Material and Methods

Ethics statement

The study was conducted in accordance with the ethical stan-
dards and the Declaration of Helsinki and according to the 
national and international guidelines and was approved by 
Shandong Provincial Hospital Affiliated to Shandong University

Establishing middle cerebral artery occlusion and 
reperfusion (MCAO/R) model

Male Sprague-Dawley rats weighing approximately 320–350 g 
(10–12 weeks) (n=16 per group) were obtained from Shanghai 
Lab Animal Research Center, Shanghai, China. The rats were 
under a 12 hours light cycle with food and drinking water 
available ad libitum. The experimental procedures were ap-
proved by Shandong Provincial Hospital Affiliated to Shandong 
University Animal Ethics Committee (2003-045). Transient mid-
dle cerebral artery occlusion (MCAO) using an intraluminal su-
ture was induced under isoflurane anesthesia as previously 
described [14]. Reperfusion was accomplished by withdrawing 
the suture after 60 min of ischemia. The brain reperfusion was 
allowed for 0, 0.5, 2, 4, 6, 8, 12 and 24. Sham-operated rats un-
derwent identical surgery except that the monofilament nylon 
suture was not inserted. After incision closure, the rats were 
placed into cages to recover, with free access to food and wa-
ter. Rat rectal temperature was monitored and maintained at 
37.0±0.5°C during the whole procedure.

Experimental groups

The rats were divided into sham, vehicle, MCAO, SC79, and 
SC79+LY294002 groups. 60 min prior to cerebral ischemia (60 
min) followed by reperfusion, SC79 (S7863) (Selleck, Shanghai, 
China) was applied via intraperitoneal injection at a concen-
tration of 0.04 mg/g of body weight. The mice were subject-
ed to focal cerebral ischemia (60 min) followed by reperfu-
sion (24 hours).

To determine the role of PI3K/Akt signaling in SC79-induced pro-
tection against cerebral I/R injury, the PI3K inhibitor LY294002 
(Sigma, Shanghai, China) (1 mg/25 g body weight) was given 
to mice 15 min before SC79 administration according to the 
previous report [15]. Rats in the model and sham groups were 
injected with an equal volume of saline.
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Western blot assay

As previously described [12], we carried out western blot as-
say to detect P-Akt (Ser473) (dilution 1: 1000), Bim (dilution 
1: 1200) and bcl-2 (dilution 1: 1200) in brain tissues. Staining 
was visualized by ECL detection reagents.

The signals were visualized using the ECL detection system. The 
intensity (area x density) of individual bands was measured 
by densitometry (Thermo Scientific), and the background was 
subtracted from the calculated area. The protein level was re-
ported as normalized b-actin loading control.

Terminal deoxynucleotidyl transferase-mediated UTP nick 
end labeling (TUNEL) staining

The terminal deoxynucleotidyl transferase-mediated UTP nick 
end labeling (TUNEL) was processed using an in-situ cell death 
detection kit (Roche, Hangzhou, China) according to the man-
ufacturer’s instructions. Briefly, after xylene dewaxing, sec-
tions were rinsed 3 times in distilled water for 5 min, and 
they were washed in methanol containing 0.3% H2O2 at room 
temperature for 30 min to inhibit endogenous peroxidase ac-
tivity. After rinsing in PBS 3 times at room temperature for 5 
min, sections were treated with proteinase K at 37°C for 6 
min. Section were rinsed in PBS 3 times at room temperature 
for 3 min, were soaked in TdT buffer for 10 min, and incubat-
ed in 50 μL TdT buffer containing TdT at 37°C for 60 min in a 
moist chamber (Roche). After 3 rinsing steps in PBS at room 
temperature for 5 min, the sections were incubated in 50 μL 
FITC (Roche) at 37°C for 40 min. After 3 further rinses in PBS 
for 3 min, the brain sections were incubated in DAB (Roche) at 
room temperature for 3 min. TUNEL-positive (green) and DAPI-
positive (blue) staining patterns were acquired with a confocal 
laser scanning microscope (Fluoview FV 1000, Olympus, Japan). 
TUNEL-positive cells in the different regions of each slide were 
counted by an observer who was blinded to the treatment con-
ditions. Cell apoptotic rate was defined as the percentage of 
TUNEL-positive nuclei to DAPI staining cells by examining the 
entire section with the 40× objective.

Evaluation of infarct volume

Twenty-four hours after reperfusion, each brain was quickly re-
moved and sectioned coronally into 5 serial 2-mm slices. Tissue 
slices were immersed in a 0.25% solution of 2, 3, 5-triphenyl-
tetrazolium chloride (TTC; Sigma-Aldrich, Hangzhou, China) at 
37°C for 30 minutes, and then fixed in 10% buffered formalin. 
The area of infarction was calculated using ImageJ computer 
software and determined by subtracting the uninfarcted tis-
sue in the ischemic hemisphere from the volume of the con-
tralateral hemisphere, which corrects for post-ischemic ede-
ma [16]. The percentage of the corrected infarct volume was 

calculated by dividing the infarct volume by the total contra-
lateral hemispheric volume [17].

Evaluation of neurological score

The scoring system included 5 indexes [18]: 0 score was no 
deficit; 1 score was failure to extend left forepaw full, consid-
ered a mild focal neurologic deficit; 2 score was circling to the 
right; 3 score was falling to the left, considered a severe focal 
deficit; 4 score was unable to walk spontaneously.

Statistical analysis

Data in histograms are presented as mean ± standard er-
ror of the mean (SEM). The results were analyzed by un-
paired Student’s t-test or by one-way ANOVA followed by 
Bonferroni’s post hoc tests when multiple experimental groups 
were compared. All statistical analyses were performed with 
SPSS software (version 13.0). A P value of P<0.05 was consid-
ered significant.

Results

Early Akt activation during cerebral I/R

After cerebral I/R for 0.5–24 hours, we collected the isch-
emic hemisphere and detected the AKT phosphorylation 
[p-Akt(Ser473)], bax, and bcl-2 expression by western blot 
assay. Our results (Figure 1A) showed that AKT phosphoryla-
tion [p-Akt(Ser473)] began to increase at 0.5 hours after cere-
bral I/R and reached the highest level at 4 hours. Then the p-
Akt(Ser473) expression was gradually decreased and restored 
and maintained to the original level at 12–24 hours. The anti-
apoptotic Bcl-2 protein was gradually decreased from 6 hours 
after cerebral I/R and reached the lowest level at 24 hours; Pro-
apoptotic Bim protein was gradually increased from 6 hours 
after cerebral I/R and reached the highest level at 24 hours 
(Figure 1A). The data showed that I/R induced p-Akt(Ser473) 
expression, subsequently increased Bim expression and de-
creased bcl-2 expression.

It has reported that activation of the PI3K/Akt signaling pro-
tects neuronal cells from cerebral I/R injury [19]. We next de-
tect the effect of SC79 on the activation of PI3K/Akt signal-
ing in the brain tissues. As shown in Figure 1B, treatment of 
SC79 at a concentration of 0.04 mg/g of body weight signifi-
cantly increased the levels of p-Akt in the brain tissues of I/R. 
Furthermore, Bcl-2 protein was also significantly increased and 
Bax was significantly decreased (Figure 1B). The data showed 
that SC79 significantly increased p-Akt (Ser473) expression, 
subsequently decreased Bim expression and increased bcl-2 ex-
pression. However, LY294002 treatment prior to SC79 abolished 
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the AKT phosphorylation, subsequently increased Bim expres-
sion and decreased bcl-2 expression (Figure 1C), indicating the 
active effect of SC79 on PI3K/AKT pathway.

SC79 administration decreased cerebral infarct volume 
following I/R

The results showed that the cortical hemisphere was stained 
deep red in the sham-operation group while pale grey in the 
untreated I/R groups (Figure 2A). The infarction areas were 
large and pale in the I/R untreated groups compared to the 
SC79 treatment alone groups (Figure 2A). In the SC79 in com-
bination with LY294002 treatment groups, the infarction areas 
were large and pale compared to the SC79 treatment alone 
groups (Figure 2A). SC79 administration significantly reduced 
infarct volume compared to the untreated I/R group (Figure 2B). 
Combined LY294002 treatment reverse the neuroprotection of 
SC79 (Figure 2B). Administration of vehicle to mice did not alter 
I/R-induced cerebral infarct volume. Neurological deficits were 
examined. The scored on a 4-point scale was calculated. Mice 
subjected to untreated I/R showed significant motor behav-
ior deficits. SC79 alone showed a significant reduction in I/R 
neurological deficits. LY294002 reverses the neuroprotection 
of SC79 as shown by the neurological deficit score (Figure 2C).

Effect of SC79 on cerebral apoptosis in ischemic brain

To understand the cellular mechanisms underlying the neu-
roprotective effect of SC79, we used the TUNEL staining to 
evaluate the degree of apoptotic death during cerebral I/R. 
Relative to the sham operation animals, the untreated I/R an-
imals showed significantly increased neuronal apoptotic rate 
(Figure 3). The neuronal apoptotic rate was significantly de-
creased in SC79 alone treated animals compared with vehi-
cle-treated animals at 24 hours in rat brain subjected to I/R 
(Figure 3). However, the decrease in neuronal apoptosis was 
markedly increased in the groups treated with SC79 in combi-
nation with LY294002 compared to the SC79 alone (Figure 3). 
These results suggested that the treatment with SC79 effec-
tively prevented apoptotic cell death in I/R model.

Discussion

In our study, we demonstrated that SC79 efficiently activated 
the AKT phosphorylation (p-Akt) and confer neuroprotection 
after transient cerebral I/R injury in a rat model. 24 hours af-
ter cerebral I/R could induce apoptosis of cortical neurons. Pre-
treatment with SC79 significantly inhibited cerebral neuron apop-
tosis. The possible underlying mechanisms of neuroprotective 
effects of SC79 is related to its ability to upregulate anti-apop-
totic bcl-2 and to downregulate anti-apoptotic Bim expression.
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p-Akt
t-Akt
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Bcl-2
β-actin
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Figure 1. �Akt activation with SC79 in the brain of rats subjected to cerebral ischemia/reperfusion (I/R). The rats were subjected to 
cerebral I/R (A) or pre-treatment with SC79 at a concentration of 0.04 mg/g of body weight (B) or pre-treatment with SC79 in 
combination of LY294002 (1 mg/25 g body weight) (C), then subjected to cerebral I/R for 0.5–24 hours. Cellular proteins were 
isolated from brain tissues. p-Akt, t-Akt, Bax, and bcl-2 was detected by western blot assay.
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Akt phosphorylation and activation is a crucial mediator of cell 
survival. Enhancement of Akt activity exerts pro-survival ef-
fect in neuronal injury and neurodegenerative diseases [20]. 
It also serves as a therapeutic target for treatment of early 
brain injury following subarachnoid hemorrhage (SAH) [13]. 
Deactivation of Akt is implicated in various stress-induced 
pathological cell death and degenerative diseases [20,21]. In 
the present study, p-Akt began to be activated at 0.5 hours af-
ter cerebral I/R and reached the highest levels at 4 hours, then 
gradually decreased and reached the lowest levels at 12–24 
hours. Cerebral I/R did not change the expression of total Akt. 
We therefore suggest that early transient Akt activation dur-
ing I/R may contribute to the neuroprotective role, which may 
be the stress response of the cells responds to external stim-
uli. The gradually decreasing process of Akt phosphorylation 
contributes to pathogenesis of cerebral I/R injury. Therefore, 
cerebral I/R injury can be protected by activation of Akt using 
a specific Akt activator.

SC79 is a novel and safe small molecule compound, which 
can be as the selective, highly-efficient and cell-permeable 

Akt activator [12]. It has reported that SC79 activated Akt and 
protected H9c2 myocardial cells and primary murine myocar-
diocytes from OGD/re-oxygenation in vitro [22], but not in vivo 
of rat hearts [23]. In our study, administration of SC79 (0.04 
mg/g of body weight) significantly increased the levels of p-
Akt compared to the untreated mice at 24 hours after I/R. 
Importantly, SC79 significantly reduced the infarction volume 
and neurologic deficits, and protected cerebral neuron from I/R 
injury. However, PI3K inhibition with LY29004 (1 mg/25 g body 
weight) largely attenuated SC79-induced Akt phosphorylation 
after cerebral I/R, and abolished the protection by SC79, sug-
gesting that SC79-induced protection against cerebral is medi-
ated via the PI3K/Akt signal pathway dependent mechanisms.

Cerebral I/R induces neuronal apoptosis, which contributes to 
brain injury in response to I/R. It has previously been report-
ed that acute cerebral I/R injury is related to the inhibition 
of apoptosis through suppression of NF-kB/PUMA signaling 
pathway [24]. Activating PI3K/Akt signaling has been demon-
strated to protect cells from apoptosis induced by I/R [25,26]. 
Activated PI3K/Akt can phosphorylates pro-apoptotic molecule 
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Figure 2. �SC79 reduced cerebra I/R injury. SC79 or/and LY294002 was administered to mice as before cerebral I/R was induced. 
(A) Representative photographs of brain sections stained with TTC. (B) Summary of cerebral infarct size in brains. Infarct size 
was determined by TTC staining and the infarct volume was expressed as the percentage of the contra lateral hemispheric 
area. Data were expressed as mean ± SD, * P<0.05. I/R – ischemia/reperfusion; TUNEL – terminal deoxynucleotidyl 
transferase-mediated UTP nick end labeling; SD – standard deviation.
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Bax, leading to dissociation of Bax from anti-apoptotic mol-
ecule Bcl-2 [27]. In our study, we found that I/R could indeed 
induce Bim expression and decrease bcl-2 expression in the 
brain tissues. And SC79 administration significantly reduced 
I/R-induced apoptosis and I/R-induced upregulation of Bax, in-
creased bcl-2 expression in the brain tissues, indicating that 
PI3K/Akt signaling activation contribute to the SC79-induced 
protective effect against cerebral I/R injury. However, treating 
mice with LY294002 before SC79 administration increased I/R-
induced apoptosis and I/R-induced upregulation of Bax, de-
creased bcl-2 expression in the brain tissues, and completely 
abolished SC79-induced protection against cerebral I/R injury, 

suggesting the anti-apoptotic effect of SC79 may be one of 
the mechanisms by which SC79 attenuated cerebral I/R injury.

Conclusions

SC79 significantly decreased I/R-induced infarct volume and 
improved neurological score following cerebral I/R. We also 
found that activation of PI3K/Akt signaling was involved in 
the effect of SC79 against cerebral I/R injury. SC79 may pro-
vide a new therapeutic strategy for treating cerebral I/R injury.

Figure 3. �Effect of SC79 on I/R-induced cerebral apoptosis determined by TUNEL. The rats were subjected to cerebral I/R or pre-
treatment with SC79 at a concentration of 0.04 mg/g of body weight or pre-treatment with SC79 in combination of 
LY294002 (1 mg/25 g body weight), then subjected to cerebral I/R for 0.5–24 hours. Apoptosis was measured by TUNEL 
staining in ischemic brain. * P<0.01. I/R – ischemia/reperfusion; TUNEL – terminal deoxynucleotidyl transferase-mediated UTP 
nick end labeling.
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