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Abstract. Ischemic brain injury (IBI) can cause nerve injury 
and is a leading cause of morbidity and mortality worldwide. 
The neuroprotective effects of propofol against IBI have been 
previously demonstrated. However, the neuroprotective effects 
of propofol on hippocampal neurons are not yet entirely clear. 
In the present study, models of IBI were established in hypoxia-
exposed hippocampal neuronal cells. Cell viability assay and 
apoptosis assay were performed to examine the neuroprotective 
effects of propofol on hippocampal neurons in IBI. A signifi-
cant decrease in cell viability and a significant increase in cell 
apoptosis were observed in the IBI group compared with the 
control group, accompanied by a decrease in glial glutamate 
transporter-1 (GLT‑1) expression as determined by RT-qPCR 
and western blot analysis. The effects of IBI were reversed 
by propofol treatment. The siRNA-mediated knockdown of 
GLT‑1 in the hypoxia-exposed hippocampal neuronal cells led 
to an increase in cell apoptosis, Jun N-terminal kinase (JNK) 
activation and N-methyl-D‑aspartate (NMDA) receptor (NR1 
and NR2B) activation, as well as to a decrease in cell viability 
and a decrease in Akt activation. The effects of RNA inter-
ference-mediated GLT‑1 gene silencing on cell viability, JNK 
activation, NMDAR activation, cell apoptosis and Akt activa-
tion in the hippocampal neuronal cells were slightly reversed by 
propofol treatment. The JNK agonist, anisomycin, and the Akt 
inhibitor, LY294002, both significantly blocked the effects of 
propofol on hippocampal neuronal cell viability and apoptosis 
in IBI. The decrease in JNK activation and the increase in Akt 
activation caused by GLT‑1 overexpression were reversed by 
NMDA. Collectively, our findings suggest that propofol treat-
ment protects hippocampal neurons against IBI by enhancing 

GLT‑1 expression and inhibiting the activation of NMDAR via 
the JNK/Akt signaling pathway.

Introduction

Ischemic brain injury (IBI) is a complex pathology that leads 
to inflammation (1), apoptosis (2) and excitotoxicity (3) and 
causes neuronal damage. Excessive extracellular glutamate is 
released in brain ischemia. As one of the neurotransmitters, 
high-level glutamate causes excitotoxicity and cell death (4). 
Glutamate-mediated excitotoxicity is rescued by glutamate 
transporters (5), such as glial glutamate transporter-1 (GLT‑1).

GLT‑1 is a transporter that can regulate glutamate homeo-
stasis in the extracellular fluid, which lacks the enzyme to 
catabolize glutamate (6). GLT‑1 is so named due to its main 
distribution on glial cells. GLT‑1 can remove excess glutamate 
and reduce excitotoxicity (7). Over 90% of glutamate uptake is 
carried out by GLT‑1 in the adult forebrain (6). GLT‑1 knock-
down in the hippocampal CA1 region has been shown to lead 
to high levels of extracellular glutamate (8). A study showed 
that ischemia-reperfusion led to a significant decrease in GLT‑1 
in the hippocampal CA1 region (9). The excitotoxicity caused 
by the decrease in GLT‑1 levels can be reversed by cerebral 
ischemic preconditioning and transient sublethal cerebral 
ischemia, which protects neurons against brain ischemic 
damage (10). There is evidence to suggest that the upregula-
tion of GLT‑1 results in neuroprotection against excitotoxicity 
and ischemic injury (11-13). In addition, a high level of GLT‑1 
reduces the activity of N-methyl-D-aspartate (NMDA) recep-
tors in morphine-induced analgesia in rats (14). The excessive 
activation of NMDA leading to apoptosis and excitotoxicity 
underlies normal synaptic plasticity (15). These findings indi-
cate that NMDA-induced excitotoxicity plays a critical role in 
neuronal damage, such as ischemia-reperfusion insults (16). 
The effect of NMDA-induced excitotoxicity can be attenuated 
by the upregulation of GLT‑1 (17).

Propofol, as one of the common anesthetics, is widely used 
in clinical settings. The neuroprotective effects of propofol have 
previously been demonstrated (18,19). Hypoxia-induced hippo-
campal neuron injury was also attenuated by propofol (20). A 
recent study demonstrated that propofol upregulates the expres-
sion of GLT‑1, which leads to a decrease in the concentration 
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of glutamate in the hippocampus of depressed rats (21). In a 
study on arterioles, propofol reduced both the dilatation and 
superoxide production caused by NMDA (22). In another study, 
NMDA‑induced excitotoxicity was attenuated by treatment 
with propofol in cultured rat cortical neurons (23).

However, it remains unclear as to whether propofol protects 
hippocampal neurons by upregulating GLT‑1 expression in IBI. 
In the present study, we explored the underlying mechanisms 
and the effect of propofol on hippocampal neurons in IBI.

Materials and methods

Primary hippocampal neuronal culture. The use of all animals 
in the experiments conformed to the guidelines of the National 
Council on Animal Care. All experiments were conducted 
in accordance with the rules of the Committee on the Ethics 
of Animal Experimentation of the First Affiliated Hospital of 
Xinxiang Medical University, Weihui, China. Pregnant Wistar 
rats (n=20; the Laboratory Animal Center of the First Affiliated 
Hospital of Xinxiang Medical University, Henan, China) were 
sacrificed by cervical dislocation, and 15-17 day embryos (E15-
E17) were removed and the brains were rapidly collected, as 
previously described (24,25). These hippocampal tissues were 
dissociated in 0.125% trypsin-EDTA solution for 20 min at 37˚C 
in an incubator. The cells were collected by centrifugation. The 
cells seeded on 6-well dishes pre-coated with poly-L-lysine and 
chamber slides were cultured in a 5% CO2 incubator at 37˚C at a 
density of 1x106/ml, and supplied with 1% glutamine, 10% heat-
inactivated fetal bovine serum, 10% horse serum, 1% penicillin 
and streptomycin. After 24 h, 100 mM cytosine arabinoside was 
added to the culture medium to inhibit neuroglial cells. The 
culture medium supplied with 2% B27 and 1% N2, was changed 
every 3 days. All reagents were purchased from Sigma (St. Louis, 
MO, USA). Culture cells were used after 7 days in vitro.

Establishment of model of IBI by exposure to hypoxia. After 
7 days of normoxic cultivation (20% oxygen), the culture 
conditions of the hippocampal neurons were changed to 
5% CO2 and 95% N2 at 37˚C for 3 h (26) to establish the 
model of IBI. After 2 h of incubation under hypoxic condi-
tions, the hippocampal neuronal cells were treated with 
propofol (Sigma; 15 µM) and either pre-incubated (or not) 
with inhibitors of PI3-kinase (LY294002; Sigma; 5 µM) or 
anisomycin (Sigma; 5 µM) followed by culture for 1 h.

Reverse transcription-quantitative polymerase chain reaction 
(RT‑qPCR). The hippocampal neuronal cells cultured for 
7 days were used for the detection of the mRNA levels of 
GLT‑1. The RNeasy mini kit (Qiagen, Hilden, Germany) and 
PrimeScript™ RT reagent kit (Takara Biotechnology, Dalian, 
China) were used for total RNA extraction, reverse transcription 
and PCR amplification. Gene-specific primers for GLT‑1 
(forward, 5'-AGTATGTGGCGGGCTGCTTC-3' and reverse, 
5'-GGAAATGATGAGAGGGAGGATGAG-3');  NR1 
(forward, 5'-GCACGCCTTTATCTGGGACTC-3' and reverse, 
5'-GTCGGGCTCTGCTCTACCACT-3'); NR2A  (forward, 
5'-GCTACACACTCTGCACCAATT-3' and reverse, 
5'-CACCTGATAGCCTTCCTCAG TGA-3'); NR2B (forward, 
5'-TCCGTCTTTCTTATGTGGATATGC-3' and reverse, 
5'-CCTCTAGGCGGACAGATTAAGG-3') and the internal 

control primers for glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (forward, 5'-GCCAAAAGGGTCATCATCT 
CTG-3' and reverse, 5'-CATGCCAGTGAGCTTCCCGT-3') 
were synthesized by Sangon Biotech (Sangon, Shanghai, China). 
The mRNA expression levels were normalized to those of 
GAPDH and were calculated using the 2-∆∆Ct method, as 
previously described (27).

GLT‑1 overexpression and silencing. cDNA for rat GLT‑1 was 
amplified by PCR. The obtained GLT‑1 cDNA was subcloned 
into the pIRES vector (Invitrogen Life Technologies, Carlsbad, 
CA, USA) to generate the overexpression vector of GLT‑1, 
named GLT‑1-pIRES. The GLT‑1-pIRES vector was trans-
fected into the hippocampal neurons pre-incubated (or not) with 
NMDA (Sigma; 5 µM) using Lipofectamine 2000 (Invitrogen) 
following the manufacturer's instructions. The empty pIRES 
vector was used as a control. Small interfering RNA (siRNA) 
against GLT‑1 and a negative control siRNA were purchased 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
The siRNA targeting GLT‑1 were transfected into the hippo-
campal neurons using Lipofectamine 2000 according to the 
manufacturer's instructions. Six hours after transfection, the 
cells were used for the subsequent experiments.

Cell viability assay. Hippocampal neuronal cell viability 
was assessed by AlamarBlue (Sigma). The cells were plated 
onto 96-well plates at a density of 1x106 cells/well and 10 µl 
AlamarBlue reagent were added to each well followed by 
incubatiohn at 5% CO2 and 37˚C. After 4 h, the percentage 
reduction in light absorption at 570 and 600 nm was detected 
in each well for oxidized and reduced AlamarBlue using a 
microplate reader (Thermo Fisher Scientific, Waltham, MA, 
USA). The experiment was performed at least 3 times. Results 
were calculated as previously described (28).

Cell apoptosis assay. The Annexin  V-FITC/propidium 
iodide (PI) apoptosis detection kit (Sigma) was used to detect 
cell apoptosis using a flow cytometer (Gibco, Rockville, MD, 
USA). Briefly, the hippocampal neuron cell medium plated in 
6-well dishes was removed and trypsin was added. The cells 
were then washed twice with phosphate-buffered saline (PBS). 
Annexin V-FITC and PI were added and the cells were incu-
bated for 30 min at 37˚C. The stained neurons were analyzed by 
flow cytometry and the rate of cell apoptosis was determined.

Western blot analysis. Total proteins were extracted from 
the cultured hippocampal neuronal cells in RIPA lysis 
buffer (Sigma). The BCA protein assay kit (Beyotime Institute 
of Biotechnology, Haimen, China) was used to measure the 
protein concentration using a microplate reader (Thermo Fisher 
Scientific, Uppsala, Sweden). Protein (20 µg) from each sample 
was separated by 12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and transferred to a nitro-
cellulose membrane. Primary antibodies (Abcam, Cambridge, 
UK) against GLT‑1 (Cat. no. ab178401), Jun N‑terminal kinase 
(JNK; Cat.  no.  ab179461), p-JNK (Cat.  no.  ab76572), p38 
(Cat. no. ab31828), p-p38 (Cat. no. ab4822), extracellular signal-
regulated kinase 1/2 (ERK1/2; Cat. no. ab54230), p-ERK1/2 
(Cat. no. ab47339), Akt (Cat. no. ab8805), p-Akt (Cat. no. ab38449), 
NR1 (Cat.  no.  ab17345), NR2A (Cat.  no.  ab14596), NR2B 
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(Cat. no. ab28373) and β-actin (Cat. no. ab8226) were used to 
detect the protein levels. The horseradish peroxidase (HRP)-
labeled secondary antibodies were purchased from Abcam. 
β-actin was utilized as an internal control. The gray value was 
analyzed using ImageJ software.

Statistical analysis. All results are reported as the means ± SD. 
Two-group comparisons were analyzed using the Student's 
t-test. A value of P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Neuroprotective effects of propofol on hippocampal neurons. 
To investigate the effects of propofol on IBI, a model of IBI 
was established using primary hippocampal neurons. We found 
that exposure to hypoxia induced a significant decrease in cell 
viability and an increase in cell apoptosis in the IBI group 
compared with the control group (P<0.05; Fig. 1). The increase 
in cell apoptosis and the decrease in cell viability induced by 
IBI were significantly attenuated by treatment with propofol (P
<0.05; Fig. 1B and C).

Propofol protects hippocampal neurons in IBI via the upregu-
lation of GLT‑1. To determine whether propofol protects 
hippocampal neurons in IBI via the upregulation of GLT‑1, 
western blot analysis and RT-qPCR were performed. It was 
found that the protein and mRNA expression levels of GLT‑1 
were significantly decreased in the IBI group compared with 
the control group (P<0.05; Fig. 2A and B). The decrease in 
GLT‑1 expression caused by IBI was significantly attenuated 

by treatment with propofol (IBI + P group) compared with the 
IBI group (P<0.05; Fig. 2A and B). GLT‑1 silencing by siRNA 
and the overexpression of GLT‑1 was established by transfec-
tion with GLT‑1-pIRES vector or siRNA against GLT‑1. The 
efficiency of GLT‑1 overexpression and silencing was detected 
by western blot analysis and RT-qPCR. The results revealed 
that the protein expression of GLT‑1 correlated with its 
mRNA expression (Fig. 2C and D). The protein and mRNA 
expression of GLT‑1 did not differ significantly among the 
control, scramble and empty vector groups (Fig. 2C and D). 
The expression of GLT‑1 was significantly decreased in the 
si-GLT‑1 group compared with the control group (P<0.05) and 
it was increased in the GLT‑1 group compared with the control 
group (P<0.05; Fig. 2C and D). Cell apoptosis and viability 
were examined in the hippocampal neurons following GLT‑1 
silencing under hypoxic conditions. As shown in the dual-param-
eter fluorescent dot plots and bar graph, cell apoptosis was not 
affected by transfection with control siRNA (Scramble + IBI 
group or the Scramble + IBI + P group compared with the 
IBI and IBI  +  P groups, respectively). The knockdown of 
GLT‑1 markedly increased the apoptotic rate (si-GLT‑1 + IBI 
and si-GLT‑1  +  IBI  +  P groups compared with the IBI 
and IBI + P groups, respectively) (P<0.05; Fig. 2E and F). 
Propofol did not attenuate the increase in the apoptotic rate 
when GLT‑1 was knocked down (Fig. 2E and F). In the cell 
viability assay, treatment with propofol yielded similar results 
to those of the apoptosis assay (Fig. 2G). The si-GLT‑1 + IBI 
and si-GLT‑1 + IBI + P groups exhibited markedly reduced 
cell survival rates compared with the IBI and IBI + P groups, 
respectively (P<0.05; Fig. 2G). The effect of GLT‑1 knockdown 
was slightly reversed by propofol (Fig. 2G).

Figure 1. Protective effects of propofol on hippocampal neurons in ischemic brain injury (IBI). A cell model of IBI was established by exposing hippocampal 
neuronal cells to hypoxia. Cells in the IBI + P group received 15 µM propofol on the basis of IBI. (A) Annexin V-FITC/propidium iodide (PI) was used to detect 
cell apoptosis as shown in the dual-parameter fluorescent dot plots by flow cytometry. (B) Quantitative graphs of (A). (C) Hippocampal neuron cell viability was 
assessed by AlamarBlue. *P<0.05 vs. control group; #P<0.05 vs. IBI group.
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JNK/Akt signaling pathway is involved in propofol-mediated 
neuroprotection. Our findings revealed that propofol protected 
the nerve cells against ischemic injury via the upregulation 
of the expression of GLT‑1. To explore the potential signaling 
pathways through which propofol upregulated GLT‑1 expres-
sion in our model of IBI in hippocampal neuronal cells, the 
expression of JNK, p-JNK, p38, p-p38, ERK1/2, p-ERK1/2, 
Akt and p-Akt was detected by western blot analysis (Fig. 3A). 
It was found that the expression of p38, ERK1/2, JNK and Akt 
exhibited no obvious change between the groups, whereas the 
phosphorylation levels of p38, ERK1/2, JNK and Akt exhibited 
marked differences in some groups (Fig. 3B-E). The levels of 
p‑p38, p‑ERK1/2 and p‑JNK in the IBI + P group were signifi-

cantly decreased when compared to the IBI group (P<0.05; 
Fig.  3B-D), while the levels of p‑Akt were significantly 
increased in the IBI + P group compared with IBI group (P<0.05; 
Fig. 3E). Following the knockdown of GLT-1, no significant 
differences in the levels of p-p38 and p-ERK1/2 were observed 
between the si-GLT-1 +  IBI and IBI groups, and between 
the si-GLT-1 + IBI + P and IBI + P groups (Fig. 3B and C). 
However, GLT-1 knockdown significantly increased the levels 
of p-JNK in the si-GLT-1 + IBI and si-GLT-1 + IBI + P groups 
compared with IBI and IBI + P groups, respectively (P<0.05; 
Fig. 3D). GLT‑1 knockdown led to a significant decrease in the 
levels of p-Akt in the si-GLT‑1 + IBI and si-GLT‑1 + IBI + P 
groups compared with the IBI and IBI + P groups, respec-

Figure 2. Propofol reverses the effect of glial glutamate transporter-1 (GLT‑1) knockdown on hippocampal neuron cells in ischemic brain injury (IBI). All groups 
were treated on the basis of IBI except for the control group and the following groups. The scramble group, the empty vector group, the si-GLT‑1 group and the 
GLT‑1 group were treated under normoxic conditions. (A) The protein expression of GLT‑1 in hippocampal neurons with propofol treatment was determined 
by western blot analysis. β-actin was utilized as an internal control. (B) The mRNA expression of GLT‑1 in hippocampal neurons with propofol treatment 
was determined by RT-qPCR. GAPDH was utilized as an internal control. (C) The protein expression of GLT‑1 following overexpression and silencing was 
determined by western blot analysis. β-actin was utilized as an internal control. (D) The mRNA expression of GLT‑1 following overexpression and silencing was 
determined by RT-qPCR. GAPDH was utilized as an internal control. *P<0.05 vs. control group; #P<0.05 vs. IBI group. (E) Cell apoptosis was detected using 
Annexin V-FITC/propidium iodide (PI) by flow cytometry in dual-parameter fluorescent dot plots. (F) Quantitative graphs of (E). (G) Cell viability was detected 
using AlamarBlue. *P<0.05 vs. IBI group; #P<0.05 vs. IBI + P group.
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tively  (P<0.05;  Fig.  3E). No significant differences in the 
levels of p-Akt were observed between the si-GLT-1 + IBI and 
si-GLT-1 + IBI + P groups (Fig. 3E). 

In order to further investigate the functional role of JNK and 
Akt in propofol-mediated neuroprotection, we examined the 
effects of the JNK agonist, anisomycin, and the Akt inhibitor, 
LY294002, on cell viability and cell apoptosis. It was found that 
the changes in cell viability and cell apoptosis did not differ signif-
icantly between the IBI and Scramble + IBI groups (Fig. 3F-H). 
The increase in cell apoptosis and the decrease in cell viability 
were significantly attenuated by propofol in the IBI + P group 
compared with the IBI group (P<0.05; Fig. 3G and H). The 
decrease in cell apoptosis and the increase in cell viability caused 
by propofol were attenuated by anisomycin and LY294002, 
respectively (P<0.05; Fig. 3G and H).

NMDAR plays a key role in propofol-mediated neuroprotec-
tion. To explore the role of NMDAR in propofol-mediated 
neuroprotection, the protein and mRNA expression levels of 
the NMDAR subunits NR1, NR2A and NR2B were detected 

in each group by western blot analysis and RT-qPCR. It was 
found that the protein expression level of NMDAR correlated 
with its mRNA expression level. There was a slight difference 
in the expression of NR2A between the groups (Fig. 4A-C). 
The protein and mRNA expression were coincident between 
the IBI and Scramble+IBI groups  (Fig.  4A-C). Propofol 
significantly attenuated the increase in NR1 and NR2B 
expression caused by IBI in the IBI  +  P group compared 
with the IBI group  (P<0.05; Fig. 4B and C). This attenua-
tion caused by propofol was significantly reversed by GLT‑1 
knockdown  (si-GLT‑1  +  IBI  +  P group compared with 
IBI  +  P group)  (P<0.05; Fig.  4B  and  C). GLT‑1 knock-
down led to a significant increase in the levels of NR1 and 
NR2B in the si-GLT‑1 + IBI group compared with the IBI 
group (P<0.05; Fig. 4A-C). Propofol only slightly attenuated 
the increase in the levels of NR1 and NR2B caused by GLT‑1 
knockdown (si-GLT‑1 +  IBI + P group compared with the 
si-GLT‑1 + IBI group) (Fig. 4B and C). As regards the levels of 
NR2A, no significant differences were observed between the 
groups. 

Figure 3. Signaling pathways of propofol-mediated neuroprotection under glial glutamate transporter-1 (GLT‑1) knockdown conditions. Ischemic brain 
injury (IBI) + P+ anisomycin group cells were treated with propofol and the Jun N-terminal kinases (JNK) agonist, anisomycin, under hypoxic conditions. 
IBI + P + LY294002 group cells were treated with propofol and the Akt inhibitor, LY294002, under hypoxic conditions. (A) The protein expression of 
ERK, p-ERK, p38, p-p38, JNK, p-JNK, Akt and p-Akt was determined by western blot analysis with corresponding antibodies. β-actin was utilized as an 
internal control. (B-E) These data were calculated using ImageJ software. (F) Cell apoptosis was detected in the presence of anisomycin and LY294002 by 
Annexin V-FITC/propidium iodide (PI) in dual-parameter fluorescent dot plots. (G) Quantitative graphs of (F). (H) Cell viability was detected using AlamarBlue. 
*P<0.05 vs. IBI group; #P<0.05 vs. IBI + P group.
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The activation of JNK and Akt was also detected in 
the presence of NMDA. As shown in Fig.  4D-F, the high 
level p-JNK and the low level p-Akt caused by IBI were 
significantly reversed by treatment with propofol  (empty 
vector + IBI + P group compared with the empty vector + IBI 
group)  (P<0.05). Treatment with NMDA significantly 
increased the levels of p-JNK and decreased the levels of 
p-Akt (empty vector + IBI + P + NMDA group compared with 
the empty vector + IBI + P group) (P<0.05; Fig. 4E and F). 
The effects of GLT‑1 overexpression on the levels of p-JNK 
and p-Akt were similar to those observed with propofol 
treatment. GLT‑1 overexpression led to a decrease in p-JNK 
levels and an increase in p-Akt levels  (IBI + GLT‑1 group 
compared with the IBI group) (P<0.05; Fig. 4E and F). NMDA 
significantly increased the levels of p-JNK and decreased the 
levels of p-Akt (IBI + GLT‑1 + NMDA group compared with 
IBI + GLT‑1 group) (P<0.05; Fig. 4E and F).

Discussion

IBI is a complex pathology that causes disability and dementia. 
Increasing evidence has indicated that IBI induces excessive 
extracellular glutamate release, which causes neurotoxicity 
and neuronal injury (4,29). GLT‑1 is one of the major gluta-
mate transporters and GLT‑1 can take up 90% of glutamate, 
protecting against IBI (30,31). Propofol is a commonly used 
clinical anesthetic. The neuroprotective effects of propofol 
have been previously demonstrated (32). However, it remains 

unclear as to whether propofol can regulate the expression of 
GLT‑1 to protect neuronal cells in IBI.

In this study, the effects of propofol on neuronal cells in IBI 
were explored. The results revealed that hippocampal neuronal 
injury induced by hypoxia was attenuated by propofol. 
Consistent with our findings, the post-conditioning of rats 
with transient middle cerebral artery occlusion by propofol 
was shown to inhibit neuronal apoptosis in ischemia/reperfu-
sion (33). Peroxynitrite-induced apoptosis in astroglial cells has 
also been shown to be attenuated by propofol treatment (34). 
An in vitro study demonstrated that propofol exerts a neuro-
protective effect on hippocampal neurons against hypoxic 
damage (20). By contrast, a high dose propofol (200 µM) has 
been shown to be cytotoxic in the neuroblastoma SH-SY5Y 
cell line (35).

The expression of GLT‑1 was reduced in hippocampal 
neurons under hypoxic conditions. The decrease in GLT‑1 
expression caused by hypoxia was attenuated by propofol treat-
ment in vitro. Similarly, propofol has been shown to attenuate 
the decrease in GLT‑1 expression in depressed rats (21). The 
reduced cell viability and increased cell apoptosis caused 
by the downregulation of GLT‑1 were markedly reversed by 
propofol treatment. It has also been shown that the knockdown 
of GLT‑1 causes hippocampal excitotoxicity and exacerbates 
hippocampal neuronal cell damage and mortality, which are 
attenuated by propofol treatment  (21,36). However, when 
ischemia is elongated to a duration of 20 min, GLT‑1 leads to 
glutamate release and triggers neuronal death (8).

Figure 4. The protein and mRNA expression of N-methyl-D-aspartate (NMDA) receptor subunits NR1, NR2A, and NR2B and the expression of p-Jun N-terminal 
kinases (JNK) and p-Akt in the presence of NMDA. Ischemic brain injury (IBI) + glial glutamate transporter-1 (GLT‑1) + NMDA group cells were treated 
with NMDA and pIRES-GLT‑1 under hypoxic conditions. (A) The protein expression of NR1, NR2A, and NR2B was determined by western blot analysis with 
corresponding antibodies. β-actin was utilized as an internal control. (B) The data for protein expression were calculated using ImageJ software. (C) The mRNA 
expression of NR1, NR2A and NR2B was determined by RT-qPCR. GAPDH was utilized as an internal control. *P<0.05 vs. IBI group; #P<0.05 vs. IBI + P group. 
(D) The protein expression of JNK, p-JNK, Akt and p-Akt was determined by western blot analysis with corresponding antibodies. β-actin was utilized as an 
internal control. (E) The phosphorylation levels of JNK in the presence of NMDA were calculated using ImageJ software. (F) The phosphorylation levels of Akt 
in the presence of NMDA were calculated using ImageJ software. *P<0.05 vs. empty vector + IBI group; #P<0.05 vs. empty vector + IBI + P group; △P<0.05 vs. 
IBI + GLT‑1 group.
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Potential signaling pathways were explored by western blot 
analyssi. Previous studies have revealed that MAPK signaling 
pathways, particularly JNK, are involved in neuroprotec-
tion (37,38). The functional relatedness of classical JNK-c-Jun 
signaling was restricted to the hypoxic-ischemic and excitotoxic 
sets of effects (37). The MAPK family includes JNK, the ERKs 
and p38 MAPK. Thus, the signaling pathway of p38, ERK1/2 
and JNK was explored in the present study. In addition, Akt as 
a general signaling pathway in cell proliferation (39) and apop-
tosis (40) also was explored. The results of western blot analysis 
revealed that the p38, ERK1/2, JNK and Akt signaling path-
ways were involved in the propofol-mediated neuroprotection, 
whereas the increase in p-JNK and the decrease in p-Akt levels 
caused by GLT‑1 knockdown were not attenuated by propofol. 
Similarly, the strong expression of the c-Jun gene and protein 
are known to precede or coincide with periods of intense cell 
death during embryonic development  (41). JNK inhibition 
attenuated neuronal apoptosis in the developing rat brain after 
hypoxia-ischemia (42) and the activation of Akt decreased cell 
apoptosis (43). These findings suggested that the increase in the 
p-Akt level and the decrease in the p-JNK level were involved 
in neuroprotection (44). In this study, the JNK agonist, aniso-
mycin, and the Akt, inhibitor LY294002, reversed the increase 
in p-Akt and the decrease in p-JNK levels caused by propofol 
treatment, suggesting that propofol protected hippocampal 
neurons by upregulating the expression of GLT‑1 partly via the 
JNK/Akt signaling pathway.

A previous study showed that the excitotoxicity caused by the 
activation of NMDAR led to neuronal death following ischemia 
in some chronic neurodegenerative diseases (45). In our study, 
the excessive activation of NMDAR (NR1 and NR2B) caused by 
IBI was attenuated by propofol treatment. After GLT‑1 knock-
down, the effect of IBI on NMDAR was not reversed by propofol 
and GLT‑1 knockdown led to an increase in NMDAR activation. 
Consistent with this study, it has been previously demonstrated 
that NMDAR, as the downstream molecule of GLT‑1 (46), is 
possibly involved in propofol-mediated neuroprotection. In this 
study, NMDA reversed the decrease in p-JNK and the increase in 
p-Akt levels caused by propofol and GLT‑1 overexpression. This 
result suggested that NMDA can induce JNK activation (15) and 
attenuate Akt activation (47) in IBI. It is implied that the NMDA 
receptor (NR1 and NR2B) could be the upstream molecule of 
JNK signaling and Akt signaling and, at least in part, may be 
involved in propofol-mediated neuroprotection.

In conclusion, the findings of our study suggest that 
propofol upregulates GLT‑1 and inhibits NMDAR to protect 
hippocampal neuronal cells against IBI through the JNK/Akt 
signaling pathway. All experiments were performed in vitro, 
but the resulting details were not clear. We aim to perform 
in vivo experiments in future studies.
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