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Introduction
Glutamate plays a critical role in synaptic transmission and 
plasticity of the central nervous system. Excessive gluta-
mate, however, is the main cause of excitotoxicity and leads 
to neuronal damage as seen in stroke, spinal cord injury, 
traumatic brain injury, and neurodegenerative diseases 
(Mattson, 2003). The N-methyl-D-aspartate (NMDA) sub-
type of glutamate receptor is a calcium permeable ion chan-
nel which mediates glutamate excitotoxicity (Hardingham 
and Bading, 2003). The receptor is composed of different 
subunits that link to different intracellular cascades, which 
subsequently determine synaptic plasticity and cytotoxic 
potential. NR2B-containing NMDA receptors are reported 
to selectively trigger excitotoxicity (Krapivinsky et al., 2003; 
Liu et al., 2007) and our previous studies are consistent with 
these findings (Liu et al., 2012; Zhang et al., 2013). Ca2+ in-
flux from NMDA receptors activates reactive oxygen species 
which are the cause of excitotoxic neuronal death (Carriedo 
et al., 2000; Stanciu et al., 2000; Zhang et al., 2013).

Asiaticoside (Figure 1) is a triterpenoid product derived 
from the plant Centella asiatica. It has been shown to have 
wound healing effects (Lee et al., 2012; Somboonwong et 
al., 2012), anti-inflammatory effects (Wan et al., 2013), and 
promotes liver protective activity (Zhang et al., 2010) in vivo. 

Previous studies have also shown Asiaticoside to ameliorate 
cognitive impairment and neurotoxicity in animal models 
(Defillipo et al., 2012; Xu et al., 2012). However, the neuro-
protective activity of Asiaticoside and the underlying path-
ways that inhibit neuronal apoptosis caused by glutamate are 
not clear. In this study, we used an NMDA-induced injury 
model to investigate the protective effects of Asiaticoside in 
cultured mouse cortical neurons with an attempt to uncover 
the underlying mechanisms involved.

Materials and Methods
Primary culture of neurons
All animal protocols used were approved by the Animal Care 
and Use Committee of the Fourth Military Medical Univer-
sity of Chinese PLA, Xi’an, Shaanxi Province, China. Prima-
ry cortical neuronal cultures were harvested from brains of 
E15-E16 C57BL/6 mouse embryos (the Animal Center of the 
Fourth Military Medical University of Chinese PLA). Brief-
ly, disassociated cortex tissues were incubated with 0.125% 
trypsin (Sigma, St Louis, MO, USA) in Ca2+ and Mg2+-free 
Hank’s balanced salt solution for 10 minutes at 37°C. Tryp-
sin was inactivated by washing with DMEM (Hyclone, Lo-
gan, UT, USA) supplemented with 10% fetal bovine serum 
(Invitrogen, Carlsbad, CA, USA). Cortices were then further 

Abstract
In the central nervous system, Asiaticoside has been shown to attenuate in vitro neuronal damage 
caused by exposure to β-amyloid. In vivo studies demonstrated that Asiaticoside could attenu-
ate neurobehavioral, neurochemical and histological changes in transient focal middle cerebral 
artery occlusion animals. In addition, Asiaticoside showed anxiolytic effects in acute and chronic 
stress animals. However, its potential neuroprotective properties in glutamate-induced excito-
toxicity have not been fully studied. We investigated the neuroprotective effects of Asiaticoside in 
primary cultured mouse cortical neurons exposed to glutamate-induced excitotoxicity invoked 
by N-methyl-D-aspartate. Pretreatment with Asiaticoside decreased neuronal cell loss in a con-
centration-dependent manner and restored changes in expression of apoptotic-related proteins 
Bcl-2 and Bax. Asiaticoside pretreatment also attenuated the upregulation of NR2B expression, 
a subunit of N-methyl-D-aspartate receptors, but did not affect expression of NR2A subunits. 
Additionally, in cultured neurons, Asiaticoside significantly inhibited Ca2+ influx induced by 
N-methyl-D-aspartate. These experimental findings provide preliminary evidence that during 
excitotoxicity induced by N-methyl-D-aspartate exposure in cultured cortical neurons, the neu-
roprotective effects of Asiaticoside are mediated through inhibition of calcium influx. Aside from 
its anti-oxidant activity, down-regulation of NR2B-containing N-methyl-D-aspartate receptors 
may be one of the underlying mechanisms in Asiaticoside neuroprotection.

Key Words: nerve regeneration; brain injury; Asiaticoside; apoptosis; N-methyl-D-aspartate; glutamate; 
neurotransmitter; neurotoxicity; calcium imaging; Bcl-2; Bax; NSFC grant; neural regeneration

Funding: This study was supported by the National Natural Science Foundation of China, No. 
31271126, 81372606.

Qi FY, Yang L, Tian Z, Zhao MG, Liu SB, An JZ. Neuroprotective effects of Asiaticoside. Neural 
Regen Res. 2014;9(13):1275-1282.



1276

Qi FY, et al. / Neural Regeneration Research. 2014;9(13):1275-1282.

dissociated by trituration. The single cell suspension was 
cultured on poly-D-lysine coated plates in Neurobasal media 
supplemented with 2% B27 (Invitrogen), 0.5 mmol/L gluta-
mine (Sigma), 100 U/mL penicillin (Sigma), and 100 U/mL 
streptomycin (Sigma). Maturation of cortical neurons took 7 
days and half of the medium was changed every 2 days. An-
ti-MAP2 antibody (Sigma) staining revealed that more than 
95% cells were neurons obtained by this culture procedure 
(Yang et al., 2012). All plates were pre-coated with 50 μg/mL 
poly-D-lysine (Sigma) in water. 

Treatment of the neurons
Asiaticoside was purchased from the Shanghai PureOne Bio-
technology (Shanghai, China). Its purity was 98%, detected 
by high-performance liquid chromatography. Asiaticoside 
was dissolved in ethanol with the final ethanol concentration 
less than 1%. 

Cortical neurons cultured for 7 days in vitro were divided 
into three groups: control, NMDA treatment (200 μmol/L 
NMDA and 10 μmol/L glycine, NMDA receptor co-activa-
tor) and Asiaticoside pretreatment (Asiaticoside (less than 

1%) pretreatment for 24 hours, then NMDA (200 μmol/L) 
and glycine (10 μmol/L) treatment for another 30 minutes). 
The NR2B receptor specific antagonist, RO-25-6981 (Sigma), 
was used as a positive control. The cells were then returned 
to the original culture medium for further 24 hours.

Cell viability analysis
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) assay was used to detect cell viability, 
as previously described (Yang et al., 2010). Neurons used 
for the experiments were cultured in vitro for 7 days (DIV 
7). Cells were incubated with MTT (0.5 mg/mL) at 37°C for 
4 hours on day 9. Cells were then washed and incubated in 
150 μL dimethyl sulfoxide. The absorbance value was read 
on a Universal Microplate Reader (Elx800, Bio-TEK instru-
ments Inc., Winooski, VT, USA) at 570 nm (taking 630 nm 
as a reference). Cell viability was expressed as a percentage of 
control value (%). All data were collected from three inde-
pendent experiments.

Hoechst/propidium iodide double staining
Cortical neurons were cultured in 24-well plates at a densi-
ty of 3 × 105 cells per well. Propidium iodide (Sigma) and 
Hoechst 33258 (Sigma) double fluorescent staining was 
used to determine either cell death or apoptosis as described 
previously (Liu et al., 2012). Neurons were incubated with 
propidium iodide (10 μg/mL) and Hoechst 33258 (10        
μg/mL) for 15 minutes, and then fixed in 4% formaldehyde 
for 20 minutes. Imaging was detected under a fluorescence 
microscope (Olympus BX61, Tokyo, Japan) at 340 and 620 
nm, respectively. Six visual fields were selected randomly 
from each well and data were collected from three indepen-
dent experiments. The percentage of propidium iodide pos-
itive neurons compared with total Hoechst stained neurons 

Figure 1 Chemical structure of Asiaticoside.

Figure 2 Effects of Asiaticoside (AS) on cell viability in cultured cortical neurons. 
Mouse cortical neurons cultured for 7 days in vitro were pretreated with Asiaticoside (0.1, 1, 10, 100 μmol/L) for 24 hours, and then with N-meth-
yl-D-aspartate (NMDA) for 30 minutes. The cells were returned to the original culture medium containing Asiaticoside for 24 hours, and cell via-
bility was assessed with MTT assay. (A) Exposure to NMDA caused a significant reduction in the viability of cultured neurons. Pretreatment with 
Asiaticoside dose-dependently attenuated the cell loss. (B) 10 μmol/L Asiaticoside alone had no effect on the cell viability. Ro25-6981 (Ro25, NR2B 
receptor specific antagonist) totally reversed the loss in cell viability induced by NMDA exposure. All data are expressed as mean ± SEM of three 
experiments. One-way analysis of variance was used for comparison among multiple groups followed by Tukey’s multiple comparison tests as a 
post hoc comparison. **P < 0.01, vs. control group (Cont); #P < 0.05, ##P < 0.01, vs. NMDA treatment group.
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was used to indicate cell death or apoptosis.

Western blot analysis
For western blot analysis, neurons were cultured in 6-well 
plates at a density of 2 × 106 cells/well. After pretreatment 
with Asiaticoside for 24 hours, cells were treated with 
NMDA (200 μmol/L) and glycine (10 μmol/L) for another 
30 minutes. The next day, cells were rinsed twice with PBS 
and lysed using M-PER Protein Extraction Buffer containing 
1 × protease inhibitor cocktail. Equal amounts of protein 
(50 μg) were separated on 10% polyacrylamide gel and then 
transferred onto an Immun-Blot polyvinylidene difluoride 
membrane. To block the membrane for 1 hour, 5% non-fat 
milk in Tris-Phosphate buffer containing 0.05% Tween 20 
was used. Membranes were incubated with the appropriate 
antibody overnight at 4°C; either mouse anti-NR2A (1:200), 
anti-NR2B (1:1,000), anti-Bax (1:1,000), or anti-Bcl-2 
(1:1,000), with β-actin (1:10,000) as a loading control. Bands 
were visualized using an ECL system (Bio-Rad, Hercules, 
CA, USA) after incubation with the appropriate secondary 
antibody (goat anti-mouse immunoglobulin; Boster, Wu-
han, Hubei Province, China). Anti-NR2A was purchased 
from Millipore (Billerica, MA, USA). Anti-NR2B, anti-Bax, 

and anti-Bcl-2 antibodies were purchased from Chemicon 
(Temecula, CA, USA). β-Actin antibody was purchased from 
Sigma. Levels of protein were expressed as the percentage of 
control (β-actin).

Calcium imaging
Calcium imaging was performed as previously described 
(Yang et al., 2013). Neurons were cultured in 3.5 mm plates 
made especially for laser scanning microscope at a densi-
ty of 3 × 105 per plate. Neurons were washed twice using 
Mg2+-free extracellular solution. The extracellular solution 
contained NaCl (140 mmol/L), KCl (3 mmol/L), CaCl2 (2 
mmol/L), HEPES (10 mmol/L), and glucose (10 mmol/L). 
To the extracellular solution, 2.5 μmol/L fluo-3/AM was 
added and neurons were incubated for 30 minutes at 37°C 
to load the dye. The neurons were washed and incubated in 
the culture medium for another 30 minutes. Calcium fluo-
rescence curves were detected by a confocal laser scanning 
microscope (Olympus). Basal calcium levels were scanned 
for approximately 1 minute before NMDA (200 μmol/L) 
was added to the cultures. Calcium fluorescence curves were 
compared between control neurons and Asiaticoside pre-
treated neurons. The results show the fluorescence intensity 

Figure 3 Neuroprotective effect of Asiaticoside (10 μmol/L) in cultured cortical neurons treated with N-methyl-D-aspartate (NMDA) (Hoechst 
33258 and propidium iodide double staining).
(A) Representative fluorescence images obtained after Hoechst staining, propidium iodide staining, and double staining in control, and NMDA + 
10 μmol/L Asiaticoside (AS) treated groups. NMDA treatment increased the number of propidium iodide positive cells that was decreased in neu-
rons pretreated with Asiaticoside. Scale bar: 20 μm. (B) The percentage of apoptotic neurons compared with total neurons for control, NMDA, and 
NMDA + 10 μmol/L Asiaticoside treated groups. Apoptotic or necrotic cells were calculated from three independent experiments. All data are ex-
pressed as mean ± SEM. One-way analysis of variance was used for comparison among multiple groups followed by Tukey’s multiple comparison 
tests as a post hoc comparison. **P < 0.01, vs. control group (Cont); ##P < 0.01, vs. NMDA treatment group.
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was expressed as a change relative to basal levels. 

Statistical analysis
Data were presented as mean ± SEM. Data analysis was per-
formed using SPSS 10.0 software (SPSS, Chicago, IL, USA). 
One-way analysis of variance was used for comparison 
among multiple groups followed by Tukey’s multiple com-
parison tests as a post hoc comparison. In all cases, P < 0.05 
was considered statistically significant.

Results
Effects of Asiaticoside on cell viability in cultured cortical 
neurons
Exogenous NMDA was used to induce excitotoxicity in cul-
tured mouse cortical neurons and cell viability was subse-
quently determined using an MTT assay. Neurons were cul-
tured for 7 days in vitro and then pretreated with Asiaticoside 
for 24 hours. On day 8, NMDA (200 μmol/L) and glycine (10 
μmol/L) were added to the medium containing Asiaticoside 
and the cells were incubated for 30 minutes. Cells were then 

washed and cultured in the original culture medium for fur-
ther 24 hours. As shown in Figure 2A, high concentrations of 
NMDA led to decreased cell viability measured by MTT assay 
(63%, P < 0.01 compared with control group). However, 
pretreatment with Asiaticoside significantly increased the cell 
viability of neurons in a dose-dependent manner. Neuropro-
tection was most effective at 10 μmol/L Asiaticoside (84%, 
P < 0.01 compared with NMDA treatment group), and 100 
μmol/L Asiaticoside did not improve the viability of the neu-
rons. Therefore, 10 μmol/L Asiaticoside was used in subse-
quent experiments. Asiaticoside (10 μmol/L) itself did affect 
the cell viability but Ro 25-6981 (0.3 μmol/L, added with the 
NMDA), an NR2B-selective antagonist, completely blocked 
the injury induced by NMDA (98%, P < 0.01 compared with 
NMDA treatment group; Figure 2B).

Effects of Asiaticoside on NMDA-induced excitotoxicity in 
cultured cortical neurons
Hoechst and propidium iodide double staining were used 
to determine the neuroprotective effects of Asiaticoside. 

Figure 4 Effects of Asiaticoside (AS; 10 μmol/L) on the expression levels of Bcl-2 and Bax in cultured cortical neurons.
(A) Expression levels of Bax and Bcl-2 proteins were detected by western blot analysis. (B) The levels of Bcl-2 significantly decreased after exposure 
to N-methyl-D-aspartate (NMDA) in cultured cortical neurons. Pretreatment with 10 μmol/L AS evidently increased levels of Bcl-2. (C) The levels 
of Bax markedly increased after exposure to NMDA in cultured cortical neurons. Pretreatment with 10 μmol/L AS significantly decreased the levels 
of Bax. (D) The ratio of Bax/Bcl-2 was notably increased after NMDA exposure; however, 10 μmol/L AS reversed the ratio. Data are expressed as 
mean ± SEM from three independent experiments. One-way analysis of variance was used for comparison among multiple groups followed by 
Tukey’s multiple comparison tests as a post hoc comparison.  **P < 0.01, vs. control group (Cont); #P < 0.05, ##P < 0.01, vs. NMDA treatment.
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Hoechst and propidium iodide are dyes that stain nucleic ac-
ids. Propidium iodide, however, cannot pass through living 
cells, and therefore only stains apoptotic and necrotic cells. 
In normal culture conditions, only 9.7 ± 1.5% of cells were 
positive for propidium iodide staining. NMDA treatment 
for 30 minutes induced significant cell death or apoptosis, as 
29.58 ± 2.41% of the cells were propidium iodide positive (P 
< 0.01 compared with control group; Figure 3). Asiaticoside 
pretreatment (10 μmol/L) prevented cell damage caused by 
NMDA treatment as fewer cells were positive for propidium 
iodide staining (14.61 ± 2.14%; P < 0.01 compared with 
NMDA treatment group; Figure 3). These results demon-
strate that Asiaticoside is protective against injury induced 
by NMDA. 

Anti-apoptotic effects of Asiaticoside
Western blot analysis was used to detect the levels of apopto-
sis-related proteins, anti-apoptotic Bcl-2 and pro-apoptotic 
Bax. The ratio of Bax/Bcl-2 reflects the susceptibility of cells 
to harmful response (Liu et al., 2012). Treatment with 200 

μmol/L NMDA markedly decreased levels of Bcl-2 (32% of 
control; P < 0.01 compared with control group; Figure 4A, B) 
and increased the levels of Bax (211% of control; P < 0.01, 
compared with control group; Figure 4A, C) and the ratio of 
Bax/Bcl-2 (652% of control; P < 0.01 compared with control 
group; Figure 4A, D). However, pretreatment of Asiaticoside 
(10 μmol/L) prior to administration of NMDA significantly 
changed the levels of Bcl-2 (76% of control; P < 0.01 com-
pared with NMDA treatment group; Figure 4A, B) and Bax 
(137% of control; P < 0.05 compared with NMDA treatment; 
Figure 4A, C), and the ratio of Bax/Bcl-2 (180% of control; P 
< 0.01 compared with NMDA treatment group; Figure 4A, D). 

Effects of Asiaticoside on the levels of NMDA receptors
NMDA receptor subunit composition (NR2A or NR2B) 
and NMDA receptor localization (intrasynapse or extrasyn-
apse) determine the intracellular cascades and functions of 
the receptor in neurons (Liu et al., 2007). NR2B-containing 
NMDA receptors, particularly those located extrasynapti-
cally, contribute to neuronal damage (Liu et al., 2007; Shen 

Figure 5 Effects of Asiaticoside (AS; 10 μmol/L) on the protein expression levels of N-methyl-D-aspartate (NMDA) receptor subunits, NR2A 
and NR2B.
(A) Expression levels of NR2A and NR2B proteins were detected by western blot analysis. (B) NMDA and AS treatment did not influence the levels 
of NR2A. (C) The levels of NR2B were markedly increased after exposure to NMDA in cultured cortical neurons. Pretreatment of 10 μmol/L AS 
significantly decreased the levels of NR2B. Data are expressed as mean ± SEM from three independent experiments. One-way analysis of variance 
was used for comparison among multiple groups followed by Tukey’s multiple comparison tests as a post hoc comparison. **P < 0.01, vs. control 
group (Cont); ##P < 0.01, vs. NMDA treatment group.
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Figure 6 Effect of Asiaticoside (AS) on Ca2+ levels mediated by N-methyl-D-aspartate (NMDA) receptors.
(A) Fluo-3/AM (2.5 μmol/L) was added to the extracellular solution and neurons were incubated for 30 minutes at 37°C to load the dye. The green 
fluorescence under the laser scanning microscope at different time points reflected the concentration of Ca2+ in neurons, which was stable during the 
experiment. Before: No NMDA perfusion; 2 min: 2 minutes after NMDA perfusion; 4 min: 4 minutes after NMDA perfusion. Scale bar: 20 μm. (B) 
The fluorescence intensity (F/F0: the ratio of the timing fluorescence to the basal calcium fluorescence intensity before NMDA perfusion) reflecting 
Ca2+ concentration was stable during detection (recording time: seconds) by a laser scanning microscope (n = 32 neurons). (C) 200 μmol/L NMDA 
evoked strong fluorescence intensity (n = 41 neurons) and 10 μmol/L AS significantly reduced fluorescence intensity in neurons (n = 36 neurons). 
Cont: Control.
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et al., 2008; Stanika et al., 2009). Western blot analysis indi-
cated that NMDA treatment caused an increase of NR2B ex-
pression (214% of control; P < 0.01 compared with control 
group; Figure 5A, C) but expression of NR2A subtype did 
not change (Figure 5A, B). Asiaticoside (10 μmol/L) pre-
treatment notably reduced the up-regulation of NR2B levels 
by NMDA exposure (95% of control; P < 0.01 compared 
with NMDA treatment group; Figure 5A, C). Therefore, 
down-regulation of NR2B levels may be the major mecha-
nism underlying the neuroprotective effects of Asiaticoside.

Asiaticoside decreases NMDA-induced Ca2+ overload 
Following excessive activation of NMDA receptors, Ca2+ 
influx from NMDA receptors and sustained intracellular 
Ca2+ overload contribute to neuronal injury (Vander Jagt et 
al., 2009). Cytoplasmic Ca2+ concentration was marked by 
fluorescence intensity under the laser confocal microscopy 
(Matsumoto et al., 2004). Under control conditions, a stable 
recording of Ca2+ levels was observed in neurons (Figure 
6A, B). NMDA (200 μmol/L) evoked a rapid increase in cy-
toplasmic Ca2+ which stayed at a high concentration for the 
next 4 minutes (Figure 6C). In neurons pretreated with Asi-
aticoside (10 μmol/L) Ca2+ levels were markedly attenuated 
in response to NMDA exposure (Figure 6A, C).

Discussion
Glutamate plays a key role in neural transmission, develop-
ment and synaptic plasticity. Glutamate binds to ionotropic 
receptors including NMDA, kainate, and α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-
tors (Watkins and Jane, 2006). In pathological conditions 
such as stroke, traumatic damage and inflammation, ex-
cessive accumulation of cytoplasmic Ca2+ influx through 
NMDA receptors triggers excitotoxicity and neuronal dam-
age (Jayanarayanan et al., 2013). In this study, elevation of 
Ca2+ stimulated by NMDA was inhibited by Asiaticoside, 
suggesting inhibition of calcium influx through NMDA 
receptors contributes, at least partly, to neuroprotection by 
Asiaticoside. 

Asiaticoside exhibits antipyretic, anti-inflammatory and 
antioxidant activity (Tabassum et al., 2013; Wan et al., 2013). 
In the central nervous system, Asiaticoside could attenuate 
neurobehavioral, neurochemical and histological changes in 
transient focal middle cerebral artery occlusion rats (Tabas-
sum et al., 2013). Another study demonstrated anxiolytic ef-
fects of Asiaticoside in both acutely and chronically stressed 
animals (Wanasuntronwong et al., 2012). In this study, we 
found that Asiaticoside pretreatment dose-dependently 
attenuated reduction in cell viability by exposure to high 
concentration of NMDA. Hoechst and propidium iodide 
double staining further verified the neuroprotective effects 
of Asiaticoside, although the staining could not discrimi-
nate between apoptosis and necrosis. Western blot analysis 
suggested Asiaticoside has anti-apoptotic activities as it af-
fected the expression of apoptotic proteins, Bcl-2 and Bax. 
Further experiments showed that Asiaticoside attenuated 
expression of NR2B-containing NMDA receptors, but not 

NR2A-containing NMDA receptors. This is consistent with 
previous findings that suggest NR2B is responsible for medi-
ating excitotoxicity (Liu et al., 2007). NMDA receptors that 
have more NR2B than NR2A subunits (a low NR2A:NR2B 
ratio) open for a longer length of time. Thus, neurons with a 
low NR2A:NR2B ratio are more sensitive to glutamate (Ya-
makura and Shimoji, 1999). Pretreatment with Asiaticoside 
decreased the level of NR2B receptors. It is possible that low-
ered NR2B expression resulted in a shorter opening time of 
NMDA receptors and subsequently less calcium influx into 
neurons, and consequently a neuroprotective effect. 

In conclusion, our results provide a new insight into the 
neuroprotective effects of Asiaticoside. Aside from its an-
ti-oxidant activity, down-regulation of NR2B-containing 
NMDA receptors may be one of the underlying mechanisms 
in Asiaticoside neuroprotection. Our results suggest that 
Asiaticoside protects neurons from excitotoxicity induced 
by NMDA exposure by inhibiting cell apoptosis and calcium 
overload.
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