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Abstract: Aims: Activation of specific signaling pathways in response to mechanical trauma causes delayed neuro-
nal apoptosis; GSK-3β/β-catenin signaling plays a critical role in the apoptosis of neurons in CNS diseases, SGK was 
discovered as a regulator of GSK-3β/β-catenin pathway, The goal of this study was to determine if the mechanism of 
cell death or survival mediated by the SGK/GSK-3β/β-catenin pathway is involved in a rat model of TBI. Main meth-
ods: Here, an acute traumatic brain injury model was applied to investigate the expression change and possible 
roles of SGK, Expression of SGK, and total-GSK-3β, phospho-GSK3β on ser-9, beta-catenin, and caspase-3 were 
examined by immunohistochemistry and Western blot analysis. Double immunofluorescent staining was used to 
observe the SGK localizations. Si-RNA was performed to identify whether SGK regulates neuron apoptosis via GSK-
3β/β-catenin pathway, ultimately inhibit caspase-3 activation. Key findings: Temporally, SGK expression showed an 
increase pattern after TBI and reached a peak at day 3. Spatially, SGK was widely expressed in the neuron, rarely 
in astrocytes and oligodendrocytes; in addition, the expression patterns of active caspase-3 and phospho-GSK3β 
were parallel with that of SGK, at the same time, the expression of β-catenin shows similarity with SGK. In vitro, to 
further investigate the function of SGK, a neuronal cell line PC12 was employed to establish an apoptosis model. 
We analyzed the association of SGK with apoptosis on PC12 cells by western blot, immunofluorescent labeling and 
siRNA. Significance: the results implied that SGK plays an important role in neuron apoptosis via the regulation of 
GSK3β/β-catenin signaling pathway; ultimately inhibit caspase-3 activation. Taken together, we inferred traumatic 
brain injury induced an upregulation of SGK in the central nervous system, which show a protective role in neuron 
apoptosis. 
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Introduction

Traumatic brain injury (TBI) is one of the leading 
causes of death and disability worldwide, 
including the developing world [1]. Traumatic 
brain injury is an insult to the brain caused by 
an external physical force, resulting in function-
al disability [2]. Both clinical and experimental 
studies have shown that the pathophysiology of 
traumatic brain injury (TBI) is complex and 
involves both primary and secondary injuries 
[3]. Primary damage occurs at the moment of 
insult and includes contusion and laceration, 
diffuse axonal injury, and intracranial hemor-

rhage; Secondary damage includes processes 
that are initiated at the time of insult, but do not 
appear clinically for hours or even days after 
injury. It can subsequently trigger astrocyte pro-
liferation, microglia activation and neuronal cell 
death [4]. Although large amount of clinical and 
basic researches focus on TBI, there are limited 
methods for improving the outcome of patients 
suffering from brain trauma [5, 6]. Both anti-
apoptotic and pro-apoptotic signaling cascades 
are activated in secondary tissue injury [7]. In 
addition to causing direct mechanical injury, 
trauma initiates secondary cascades of bio-
chemical and cellular changes that substantial-
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ly contribute to subsequent tissue damage and 
related neurological deficits. 

Activation of specific signaling pathways in 
response to mechanical trauma causes delayed 
neuronal apoptosis [8]. One pathway with a 
prominent role in neurotrauma is the signaling 
pathway in which the enzyme glycogen syn-
thase kinase 3β (GSK3β) is a key component. 
Glycogen synthase kinase-3β (GSK3β) activa-
tion promotes cell death [9-12] and inhibits cell 
proliferation, a growing body of evidence sug-
gests that GSK3β is an important modulator in 
central nervous system diseases, including 
traumatic brain injury and AD (Alzheimer’s dis-
ease) [13], Phosphorylation GSK3β on serine-9 
to render it inactive, a mechanism by which 
neurons become resistant to apoptotic stimuli 
[14], which makes it becomes the focus for its 
role in neuron protection, furthermore, Neuro- 
protective stimuli lead to an inactivation of 
GSK3β. Prominent in this latter category is the 
PI3K/Akt pathway. Thus, GSK3β activity 
appears to correlate inversely with neuronal 
viability [15]. β-catenin, which is central to the 
Wnt signaling pathway involved in many stages 
of development, is a GSK3β substrate. GSK3β-
mediated phosphorylation enhances the prote-
asome-dependent degradation of β-catenin. 
The inhibition of GSK-3β caused dramatic ele-
vations in the level of β-catenin and stimulated 
β-catenin-dependent gene transcription that 
regulate neuronal homeostasis and support 
neuron cell survival.

GSK-3β/β-catenin pathway can be regulated by 
many signaling pathways and proteins, Wnt and 
Akt (also called protein kinase B) are two major 
signaling pathways that have been shown to 
regulate GSK-3β activity via distinct mecha-
nisms. Additionally, the recent studies have 
shown the Serum- and glucocorticoid-regulated 
kinase (SGK), known as SGK1, was discovered 
as a regulator of GSK-3β/β-catenin pathway, 
which is involved in the pathophysiology pro-
cess of tumor growth, fibrosing disease, isch-
emia, neurodegeneration, and traumatic brain 
injury [16]. Previous investigations have dem-
onstrated that SGK phosphorylates GSK3β on 
serine-9 and then controls β-catenin dynamics, 
further takes part in the process of tight junc-
tion formation in mammary epithelial tumor 
cells and in the regulation of L-selectin and per-
forin expression as well as activation induced 
cell death of T-lymphocytes.

In addition, Many reports have shown that SGK 
mRNA and protein level upregulated after trau-
matic brain injury which particularly abundant 
in the central nervous system and neuron-spe-
cific, and play a protective role in the regulation 
of neuronal function [17-19]. But the inherent 
role is still little known. 

Given the roles of GSK-3β/β-catenin pathway 
and SGK in central nervous system especially 
in neuron apoptosis and the mutant relation-
ship between them, accordingly, we speculated 
whether the SGK is involved in the neuronal 
survival via GSK-3β/β-catenin signaling and its 
action through the downstream targets, espe-
cially β-catenin, after TBI.

Thus the present study was designed to investi-
gate the changes of SGK, phospho-GSK3β/β- 
catenin and their roles in the regulation of cas-
pase-3 (the apoptosis marker) in a TBI model 
after 3 days. Moreover, the siRNA was used to 
confirm the possible roles of SGK regulate neu-
ron apoptosis via GSK3β/β-catenin signaling 
pathway.

Materials and methods

Models of TBI

All protocols using animals were conducted in 
accordance with the guidelines published in 
the NIH Guide for the care and use of laborato-
ry animals and the principles presented in the 
Guidelines for the use of animals in neurosci-
ence research by the Society for Neuroscience 
and approved by Nantong University Animal 
Care Ethics Committee. Male Sprague-Dawley 
Rats (n=48) with an average body weight of 
250 g (220 ± 275 g) were used in this experi-
ment. Unilateral controlled cortical injury was 
performed as previously described [20, 21]. In 
brief, adult male were anesthetized with 
Ketamine (90 mg/kg)/xylazine (10 mg/kg), and 
surgery was performed under aseptic condi-
tions. An anteroposterior surgical incision 
(5-mm-long, 3-mm-deep, and 1-mm-wide) was 
made by inserting a microknife into the right 
cortex.

3 mm lateral from the midline (n=42). Controlled 
rats (n=6) underwent identical procedures to 
experimental animals, but did not receive brain 
injury. Ketoprofen (5 mg/kg) was administered 
to minimize postsurgical pain and discomfort. 
The overlying muscles and skin were closed in 
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layers with 4-0 silk sutures and staples, and 
the animals were allowed to recover on a 30°C 
heating pad. Animals were individually housed 
in cages and kept in a temperature-controlled 
environment (21°C) on a 12-hr light-dark cycle, 
with access to food and water ad libitum. ani-
mals were killed at 12 h, 1 d, 3 d, 5 d, 7 d, 14 d, 
and 28 d after injury, and sham-operated rats 
(n=3) were sacrificed at 3 days. All efforts were 
made to minimize the number of animals used 
and their suffering.

Cell cultures and treatment

PC12 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% (v/v) 
fetal bovine serum, 5% donor horse serum and 
antibiotics at 37°C under 5% CO2 in humidified 
air. The cells were passed every 3-4 days. In 
order to study apoptosis, cells were seeded 
onto a poly-l-lysine-coated 60 mm dishes and 
incubated in a low concentration of serum (1% 
horse serum) for 24 hours prior to treatment 
with H2O2 (300 nmol/L) for different time.

siRNA and transfection

Primer pairs for the SGK (NM_001292567.1) 
siRNA expression vector was target the 
sequence: 5’-CAAGGACCUAGCCGCACAA-3’. For 
transient transfection, the SGK siRNA vector, 
and the non-specific vector were carried out 
using lipofectamine 2,000 (Invitrogen) and plus 
reagent in OptiMEM (Invitrogen) as suggested 
by the manufacturer. Transfected cells were 
used for the subsequent experiments 48 h 
after transfection.

Western blot analysis

Western blots were prepared from normal brain 
cortex or from injured cortex at 12 h-28 days, to 
obtain samples for Western blotting, rats were 
sacrificed at different time points post-opera-
tively (n=3 for each time point), the brain tissue 
surrounding the wound (extending 2 mm to the 
lesion site, weighing 70-90 mg) as well as an 
equal part of the contralateral, unoperated cor-
tex were dissected out and immediately frozen 
at -70°C until use. To prepare lysates, frozen 
brain tissue samples were minced with eye 
scissors in ice. The samples were then homog-
enized in lysis buffer (1% NP-40, 50 mmol/l 
Tris, and pH 7.5, 5 mmol/l EDTA, 1% SDS, 1% 
sodium deoxycholate, 1% Triton X-100, 1 

mmol/l PMSF, 10 μg/ml aprotinin, and 1 μg/ml 
leupeptin) and clarified by centrifuging for 20 
min in a microcentrifuge at 4°C. After determi-
nation of its protein concentration with the 
Bradford assay (Bio-Rad), the resulting super-
natant (50 μg of protein) was subjected to SDS-
polyacrylamide gel electrophoresis (PAGE). The 
separated proteins were transferred to a polyvi-
nylidene difluoride membrane (Millipore) by a 
transfer apparatus at 350 mA for 1.5 h. The 
membrane was then blocked with 5% nonfat 
milk and incubated with primary antibody 
against SGK (anti-rabbit, 1:500; Santa Cruz), 
p-GSK3β, β-catenin (anti-mouse, 1:1,000; Cell 
Signaling), or GAPDH (anti-rabbit, 1:1,000; 
Santa Cruz), GFAP (anti-mouse, 1:1,000; Cell 
Signaling; anti-rabbit, 1:1,000; Santa Cruz). 
After incubating with an anti-rabbit horseradish 
peroxidase-conjugated secondary antibody, 
protein was visualized using an enhanced che-
miluminescence system (ECL, Pierce Company, 
USA).

Immunofluorescence staining

After defined survival times, rats were termi-
nally anesthetized and perfused through the 
ascending aorta with saline, followed by 4% 
paraformaldehyde at different survival times 
(n=3 per time point). The brains were removed 
and postfixed in the same fixative for 3 hours 
and then replaced with 20% sucrose for 2-3 
days, following 30% sucrose for 2-3 days. After 
treatment with sucrose solution, the tissues 
were embedded in OCT compound. Then, 
10-µm frozen cross-sections were prepared 
and examined. All sections were first blocked 
with 10% normal serum blocking solution-spe-
cies the same as the secondary antibody, con-
taining 3% (w/v) bovine serum albumin (BSA) 
and 0.1% Triton X-100 and 0.05% Tween-20 2 h 
at room temperature in order to avoid unspe-
cific staining. Then the sections were incubated 
with both rabbit polyclonal primary antibodies 
for anti-SGK (1:200; Santa Cruz), goat poly-
clonal primary antibodies for anti-caspase-3 
(1:200; Cell Signaling) and mouse monoclonal 
primary antibodies anti-GFAP (a marker of 
astrocytes, 1:200; Sigma), anti-NeuN (a marker 
of neuron, 1:600; Chemicon); Briefly, sections 
were incubated with both primary antibodies 
overnight at 4°C, followed by a mixture of FITC- 
and TRITC-conjugated secondary antibodies for 
2 h at 4°C. In sections from each specimen, the 
primary antibody was omitted to assess for 
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nonspecific binding of the secondary antibody. 
The stained sections were examined with a 
Leica fluorescence microscope (Germany).

Immunohistochemistry

After the sections were prepared, they were 
blocked with 10% goat serum with 0.3% Triton 
X-100 and 1% BSA for 2 h at room temperature 
and incubated overnight at 4°C with anti-SGK 
antibody (rabbit, 1:100; Santa Cruz), followed 
by incubation in biotinylated secondary anti-
body (Vector Laboratories, Burlingame, CA). 
Sections were rinsed again for 5 min (three 
times) and incubated in the complex avidin-bio-
tin-peroxidase (ABC Kit, Vector Laboratories, 
Burlingame, CA, USA) for 40 min at 37°C. 
Staining was visualized with diaminobenzidine 
(DAB, Vector Laboratories). After reactions, the 
sections were dehydrated, cleared, and cover 
slipped. Slides were examined at 10× or 40× 
magnifications on Leica light microscope 
(Germany). Cells with strong or moderate brown 
staining were counted as positive, cells with no 
staining were counted as negative, whereas 
cells with weak staining were scored sepa- 
rately.

RNA isolation and reverse transcriptase PCR 
(RT-PCR) analysis

Total RNA of brain cortex was extracted using 
Trizol extraction kit according to the manufac-
turer’s protocol. Total RNA was reverse-tran-
scribed using ThermoScript RT-PCR system 
(Invitrogen, USA). Primer pairs for SGK: Sense: 
5′-CGG AAT TCA CCG TCA AAA CCG AGG CTCG-
3′ and Antisense: 5′-GCT CTA GAT CAG AGG AAG 
GAG TCC ATAGG-3′. Cycling parameters were: 
94°C for 45 s, 55°C for 45 s, 72°C for 30 s, and 
total 30 cycles. The glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an 
internal control and was detected using the fol-
lowing primers: Sense, 5′-TGA TGA CAT CAA GAA 
GGT GGT GAAG-3′; Antisense: 5′-TCC TTG GAG 
GCC ATG TGG GCCAT-3′. Cycling parameters 
were: 94°C for 30 s, 55°C for 30 s, 72°C for 30 
s, and total 28 cycles. After amplification, the 
products were separated on an agarose (1.5%) 
gel (cast in the presence of ethidium bromide) 
and visualized under UV light.

Quantitative analysis

Cells double labeled for SGK, NeuN in the 
experiment were quantified. Sections were dou-

ble labeled for SGK with NeuN. To identify the 
proportion of NeuN positive cells expressing 
SGK, a minimum of 200 NeuN positive cells 
were counted adjacent to the wound in each 
section. Then double labeled cells for SGK and 
NeuN were recorded. Two or three adjacent 
sections per animal were sampled.

Statistical analysis

All data were analyzed with Stata 7.0 statistical 
software. All values are expressed as means ± 
SEM. The statistical significance of differences 
between groups was determined by one-way 
analysis of variance (ANOVA) followed by 
Turkey’s post-hoc multiple comparison tests. 
P<0.05 was considered statistically significant. 
Each experiment consisted of at least three 
replicates per condition.

Results

SGK is upregulated in animal model of trau-
matic brain injury

Previous study has shown that SGK is strongly 
induced in the brains of mice after TBI. In this 
study, we extended analysis to investigate the 
time course of SGK. The protein level was rela-
tively lower in normal cortex, then progressively 
increased from 12 h after TBI, peaked at day 3 
(P<0.05), and then gradually decreased to nor-
mal level (Figure 1A, 1B). In order to further 
confirm the protein change, an immunohisto-
chemistry study showed that SGK expression 
significantly increased in the ipsilateral brain 
cortex at day 3 after TBI (Figure 2A, 2C, 2F) 
compared to the untreated brain cortex (Figure 
2B, 2D). Error bars represent SEM. Scale bars: 
10 μm (Figure 2C-E), 50 μm (Figure 2A, 2B). E 
was showed as the negative control that the pri-
mary antibody was omitted in the staining pro-
tocol. Based on the results, we concluded that 
SGK protein change via transcriptional regula-
tion after TBI.

TBI-induced SGK mRNA upregulation corre-
lates with an increase in SGK protein level

The translation of differential gene expression 
into protein changes is one prerequisite for a 
role of this regulation in the pathogenesis of a 
disease. Therefore, we analyzed the level of 
SGK protein in untreated mice and mice treat-
ed with the acute brain injury. In this study, the 
SGK protein level also underwent a similar 
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expression pattern as SGK mRNA level follow-
ing rat brain injury (Figure 1C, 1D). 

The detection of SGK with different cellular 
markers in the adult rat brain cortex after TBI

To further determine the cell types expressing 
SGK around the lesion site, we used double 
labeling immunofluorescent staining with cell-
specific markers: NeuN (a marker of neurons), 
GFAP (a marker of astrocytes), CNPase (a mark-
er of oligodendrocytes). The localization of SGK 
(red) in neurons (green) was confirmed by co-
staining with anti-NeuN (Figure 3A-C). However, 
the absences of SGK (red) in astrocytes (green) 
and oligodendrocytes (green) were demonstrat-
ed by co-staining with anti-GFAP (Figure 3E-G) 
and anti-CNPase (Figure 3I-K), suggesting that 
SGK is not expressed within this cell population 
in the brain cortex. To investigate the propor-
tion of NeuN-positive cells expressing SGK, a 
minimum of 200 NeuN-positive cells were 
counted between sham and day 3 after injury. 
SGK expression was increased significantly in 
neurons (P<0.05) at day 3 after injury com-
pared with sham brain cortex (Figure 3O). This 
data suggest that the increase of SGK play a 
crucial role in neuron.

Dynamic change of GSK3β phosphorylation 
and β-catenin expression after TBI

Because SGK functions through phosphoryla-
tion and inhibition of GSK3β, we further exam-
ined the phosphorylation of GSK3β. Western 
blot analysis showed that phospho-GSK3β 
expression was significantly increased at 1, 3, 
5 and 7 days in the cerebral cortex. GSK3β also 
influences a number of transcription factors 
that regulate the expression of anti-apoptotic 
proteins, such as β-catenin. These results indi-
cate that phosphorylation of GSK3β and 
β-catenin is accelerated after TBI, and the tim-
ing and distribution change is similar to SGK 
(Figure 4).

Detection of SGK mRNA and protein level, 
GSK3β phosphorylation, β-catenin change in 
H2O2-induced PC12 cells apoptosis model

In vivo, we have demonstrated that phosphory-
lation of GSK3β and β-catenin is accelerated 
after TBI and the timing and distribution change 
is similar to SGK. Furthermore, we investigated 
spatial and temporal change in vitro. A H2O2-
induced PC12 cells apoptosis model described 
as previously was employed here, the SGK 

Figure 1. Detection of mRNA level and protein level of SGK change after TBI. Western blot was performed to study 
the protein level of SGK in the cortex surrounding the wound and sham-unoperated cortex at various survival times 
after TBI. A: Time courses of SGK expression in ipsilateral brain cortex after TBI. B: Quantification graphs (relative 
optical density) of the intensity of staining of SGK to GAPDH at each time point. GAPDH was used to confirm equal 
amount of protein was run on gel. The data are means ± SEM. (n=3, *P<0.01, significantly different from the sham-
operated group). The expression of SGK at mRNA level was also detected before and after injury. C: Time courses of 
mRNA level of SGK expression in ipsilateral brain cortex after TBI. D: The bar chart shows the ratio of SGK mRNA to 
GAPDH mRNA. The data are means ± SEM. (n=3, *P<0.01, significantly different from the sham-operated group).
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Figure 2. Representative Microphotographs for SGK immuno-
histochemistry in the rat brain cortex after TBI. SGK staining 
was mainly observed in the cortex surrounding the wound (A, 
C). SGK-IR was also detected in the sham-controlled (B, D), 
Quantitative analysis of SGK positive cells in brain cortex 3 
day after injury (F). SGK staining was largely increased in the 
ipsilateral brain cortex at SGK day 3 after TBI. *indicates sig-
nificant difference at P<0.05 compared with sham group. Error 
bars represent SEM. Scale bar: left column, 50 µm (A, B), right 
columns, and 10 µm (C-E).

mRNA and protein level increased at 6 h and 
peaked 9 h, additionally, and the phosphoryla-
tion GSK3β on serine-9 and β-catenin also 
show a similarity with it. These results indicate 
that the expression profile of which in vitro is 
consistent in vivo (Figure 5).

Downregulation of SGK increases cell death 
after TBI

Downregulation of a gene is a powerful tool for 
understanding its biological functions. First, we 
detected the mRNA and protein of SGK after 
siRNA, the results showed Interference effect 
is very significant, we also investigated the 

functional effects of RNAi-mediated silenc-
ing of SGK on neuron death processes. 
Among apoptosis pathway, caspase-3 is a 
key effecter. In this experiment, following 
administration of siRNA-SGK, phospho-
GSK3β and β-catenin was significantly 
reduced in the siRNA group which markedly 
different from that in the non-specific group 
(P<0.01). However, caspase-3 is markedly 
upregulated, which was dramatically differ-
ence from that in the non-specific group 
(P<0.01). Furthermore, double immunoflu-
orescence was applied to explore the rela-
tionship between SGK and neuron apopto-
sis, as shown in Figure 6. After H2O2 
stimulation, SGK and caspase-3 were sig-
nificantly expressed compared with control 
group, however, in the siRNA group, SGK 
can rarely be detected, caspase-3 were 
higher than H2O2 stimulated group. 
Additionally, DAPI staining indicated that 
silencing SGK promoted nuclear condensa-
tion and perinuclear apoptotic bodies after 
H2O2 treatment in PC12 cells than H2O2 
stimulated group and control group. Based 
on our data, we conclude that SGK plays a 
protective role in neuron apoptosis (Figure 
6).

Discussion

In the present study, we evaluated the rela-
tion between SGK and GSK3β/β-catenin 
signaling pathway after acute brain injury. 
Interestingly, SGK, phosphorylation of 
GSK3β (serine-9), caspase-3 and β-catenin 
were correlated with the severity of brain 
injury. In the cerebral cortex, where acute 
brain injury was the most severe, those 
proteins were accelerated in the early 

phase and peaked at day 3 after TBI, gradually 
decreased to normal level, in addition, 
Immunofluorescent Staining suggests SGK just 
show co-localization with neuron, not in astro-
cytes and microgliocyte. After knocking down 
SGK, we founded that SGK shows a protective 
role in neuron apoptosis. These results suggest 
that the timing and distribution of SGK might 
largely depend on the severity of the stress 
caused by TBI and play an important role in 
neuron apoptosis.

GSK3, a serine/threonine protein kinase, is 
involved in a variety of fundamental physiologi-
cal functions such as cell membrane signal-to-
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gene transcription/protein translation, neuro-
nal polarity and cell survival or apoptosis [22, 
23]. There were two closely related isoforms, 
GSK3α and GSK3β [24, 25], the GSK3β is neu-
ron-specific in CNS and has the potential to be 
phosphorylated at Ser9 and Tyr216 [26]. 
Phosphorylation of GSK-3β at Ser9 was 
increased at the injury region of cerebral corti-
cal after TBI [14, 27], which induces the inacti-
vation of GSK3β, and plays a critical role in the 

neuroprotection via inhibit the degradation of 
downstream substrates such as β-catenin [22], 
likewise, in our study, immunoreactivity of 
phospho-GSK3β at Ser9 increased after TBI, 
peaked at 3 days and sustained after 14 days, 
however, no change in expression of total 
GSK3β was observed in this model , which is 
consistent with results seen in brain injury in 
rats. Although mechanisms downstream of the 
GSK3β pathway are largely unknown, GSK3β 

Figure 3. Co-localization of SGK and different phenotype-specific markers in brain cortex. In the adult rat brain cor-
tex within 5 mm distance from the lesion site at day 3 after TBI, horizontal sections labeled with SGK (red, B, F, J) and 
different cell markers, such as neuron marker (green, A, NeuN), astrocyte marker (green, E, GFAP), oligodendrocyte 
marker (green, I, CNPase), The yellow color visualized in the merged images represented co-localization of SGK with 
different phenotype-specific markers (C, G, K), co-localizations of SGK with different phenotype-specific markers in 
the sham-operated group are shown in the brain cortex (D, H, L). M, N: Negative controls, (O) Quantitative analysis 
of NeuN-positive cells expressing SGK (%) in the sham-operated group and day 3 after injury. *indicate significant 
difference at P<0.01 compared with sham-operated group. Error bars represent SEM. Scale bars: 20 μm (A-L).
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mediated phosphorylation of β-catenin seems 
to enhance neuronal cell death. β-catenin, 
originally identified as a component of Wnt 
signaling pathway and cell-cell adherences 
junctions, plays an important role in cell prolif-, plays an important role in cell prolif-
eration, differentiation, polarity, morphogene-
sis and development [28]. An important func-
tion of β-catenin to the current study is its 
phosphorylation by GSK-3β, which leads to 
β-catenin’s stabilization and translocation to 
the nucleus where it interacts with the TCF/LEF 
transcription factors to induce gene expres-
sion, which encodes proteins that support cell 
survival [29]. Furthermore, over-expressing β-cat- 
enin reduced apoptosis similarly to the protec-
tion provided by inhibitors of GSK3 [30], 
Consistent with these findings, in this study, we 
founded the expression of β-catenin up-regu-
lated at the tissue and cellular level, which 
shows an similar expression profile with 
phospho-GSK3β, this data suggesting that 
phosphorylation of GSK3β can regulate 

at mRNA and protein level by RT-PCR, Western 
blot and immunohistology, we founded SGK 
mRNA and protein level were increased and 
peaked at day 3 after TBI, the results of double 
labeling indicates SGK might play a role in the 
neurons. In addition, we also checked the 
phospho-GSK3β on ser-9 and phosphorylation 
of β-catenin, we discovered phospho-GSK3β 
on ser-9 and the expression pattern of β-catenin 
show similarity with SGK, this phenomenon 
explained that SGK induces phospho-GSK3β 
on ser-9 upregulation and β-catenin stabiliza-
tion, in vitro, a H2O2-induced neuronal-like PC12 
cell apoptosis model was performed to confirm 
it. Accumulating evidence suggests that the 
GSK3β/β-catenin signaling pathway plays a 
crucial role in neuronal survival in several mod-
els of neurodegenerative diseases. The most 
well-defined regulatory mechanism is by up 
phosphorylation of serine-9 in GSK-3β [39], 
and correlates with an increase expression of 
the β-catenin [40], finally contributes to an 

Figure 4. Phosphorylation of GSK3β on serine-9 and of 
β-catenin regulation after TBI. A: Western blot analysis showed 
that phospho-GSK3β (serine-9) expression increased signifi-
cantly at 1 day and peaked at 3 days in the cerebral cortex. 
There was no prominent change in total GSK3β (t-GSK3β) 
(P>0.05). Results of the β-catenin analysis are shown here, it 
gradually increased at 1 day and also peaked at 3 days after 
TBI, GAPDH are shown as an internal control. B: The bar chart 
shows the ratio of protein level to GAPDH, *indicate significant 
difference (P<0.01).

β-catenin expression after TBI, which show 
similarity with previous reports.

GSK3β/β-catenin pathway can be regulat-
ed by lots of serine/threonine protein kinas-
es, such as Akt, SGK [31, 32]. The serine-
threonine kinase, Akt, plays an important 
role in the cell death/survival pathway [33]. 
Zhao S et al. have illustrated activation of 
Akt/GSK-3β/β-catenin signaling pathway is 
involved in survival of neurons after trau-
matic brain injury in rats [27]. Interestingly, 
SGK contains a catalytic domain, which is 
most similar to Akt (also known as protein 
kinase B or PKB) [34, 35], was originally 
identified as serum- and glucocorticoid-
inducible kinase, and plays an important 
role in central nervous system diseases [17, 
36], previous study has shown that SGK 
mRNA was upregulated after brain injury 
[18], but it is how to play a role in the brain 
injury is still not clear. Additionally, Akt and 
SGK always cooperate in controlling GSK3β 
phosphorylation on serine-9 and β-catenin 
dynamics [37, 38], in the light of the role of 
Akt/GSK3β/β-catenin signaling pathway in 
survival of neurons after traumatic brain 
injury in rats and the similarity of catalytic 
domain between them. So we speculate 
that SGK also plays an important role in 
CNS injury. In our study, we first detected 
the expression profile of SGK in TBI model 
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inactivation of caspase-dependent pathway 
which induces neuron apoptosis in neurode-
generation disease [41]. We previously have 
certified the up-regulation of caspase-3 after 

brain injury [42]. In this experiment, we also 
tested the caspase-3 (an apoptosis marker of 
caspase-dependent pathway) expression, it 
shown the same expression profile with SGK 

Figure 5. Detection of SGK mRNA and protein, total-GSK3β, phospho-GSK3β, β-catenin level in H2O2-induced 
apoptosis model in PC12. RT-PCR analyses of SGK mRNA expression, it is upregulated at 6 h and peaked at 9 h 
(*P<0.01), (C) Western blot analysis showed that SGK, phospho-GSK3β (p-GSK3β) and β-catenin expression signifi-
cantly increased. There was no prominent change in total GSK3β (t-GSK3β) (P>0.05). B, D: Quantitative analysis, 
*indicate significant difference (P<0.01).

Figure 6. Down regulation of SGK and the relationship between of SGK/GSK3β signaling pathway and apoptosis. A, 
B: After knocking down SGK, the mRNA and protein expression significantly decreased (P<0.01). C: Down regulation 
of SGK, the p-GSK3β and β-catenin expression significantly decreased compared to the nonspecific group, however, 
the caspase-3 show a significant increase (P<0.01). D: Double-immunofluorescent staining for SGK (red) and cas-
pase-3 (green) 9 hours after H2O2 stimulation. Nuclei were counterstained with DAPI (blue).
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and pho-GSK3β on ser-9, but whether the SGK 
is a pro-apoptotic and anti-apoptotic function 
after TBI? siRNA was employed to confirmed it, 
interestingly, after interfering the SGK expres-
sion, we discovered phospho-GSK3β on ser-9 
decreased, phosphorylation of β-catenin and 
caspase-3 upregulated, moreover, immunofluo-
rescent staining suggested knocking down 
SGK along with the rise of caspase-3, 
Additionally, DAPI staining indicated that silenc-
ing SGK promoted nuclear condensation and 
perinuclear apoptotic bodies after H2O2 treat-
ment in PC12 cells than H2O2 stimulated group 
and control group. Based on our data, we con-
cluded that SGK upregulation can be induced 
by traumatic brain injury at mRNA and protein 
level, which shows a protective role on neuron 
apoptosis via GSK3β/β-catenin signaling 
relates to caspase-3 inhibition.

This study aimed to define the role of SGK-
dependent regulation of GSK3β/β-catenin 
pathway in the control of neuron apoptosis 
after TBI. Collectively, SGK is upregulated at 
mRNA and protein level after TBI and induced 
the phosphorylation of GSK3β on ser-9 and sta-
bilized the β-catenin, siRNA-SGK leads to cas-
pase-3 increase and show an anti-apoptotic 
role on neuron after brain injury. Our results 
have shown that SGK and GSK3β (Ser9) was 
accelerated in the injured cortex, and involved 
in neuronal survival after TBI. Moreover, neuro-
protection of β-catenin against TBI was partly 
mediated by enhanced and persistent activa-
tion of the SGK/GSK3β signaling pathway. 
These findings suggest that activation of SGK is 
able to control GSK3β/β-catenin signaling 
pathway and finally inactivate the caspase-3 in 
neuron apoptosis.
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