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Aim: To investigate whether asiatic acid (AA), a pentacyclic triterpene in Centella asiatica, exerted neuroprotective effects in vitro and in 
vivo, and to determine the underlying mechanisms.
Methods: human neuroblastoma Sh-SY5Y cells were used for in vitro study.  Cell viability was determined with the MTT assay.  hoechst 
33342 staining and flow cytometry were used to examine the apoptosis.  The mitochondrial membrane potential (MMP) and reactive 
oxygen species (ROS) were measured using fluorescent dye.  PGC-1α and Sirt1 levels were examined using Western blotting.  Neonatal 
mice were given monosodium glutamate (2.5 mg/g) subcutaneously at the neck from postnatal day (PD) 7 to 13, and orally adminis-
tered with AA on PD 14 daily for 30 d.  The learning and memory of the mice were evaluated with the Morris water maze test.  hE stain-
ing was used to analyze the pyramidal layer structure in the CA1 and CA3 regions.
Results: Pretreatment of Sh-SY5Y cells with AA (0.1–100 nmol/L) attenuated toxicity induced by 10 mmol/L glutamate in a concen-
tration-dependent manner.  AA 10 nmol/L significantly decreased apoptotic cell death and reduced reactive oxygen species (ROS), 
stabilized the mitochondrial membrane potential (MMP), and promoted the expression of PGC-1α and Sirt1.  In the mice models, oral 
administration of AA (100 mg/kg) significantly attenuated cognitive deficits in the Morris water maze test, and restored lipid peroxida-
tion and glutathione and the activity of SOD in the hippocampus and cortex to the control levels.  AA (50 and 100 mg/kg) also attenu-
ated neuronal damage of the pyramidal layer in the CA1 and CA3 regions.
Conclusion: AA attenuates glutamate-induced cognitive deficits of mice and protects SH-SY5Y cells against glutamate-induced apopto-
sis in vitro.
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Introduction 
Human neurodegenerative diseases, including Alzheimer’s 
disease, Parkinson’s disease, and amyotrophic lateral sclerosis, 
are characterized by the progressive dysfunction and loss of 
neurons induced by particular neurological deficits[1].  Gluta-
mate (Glu)-induced excitotoxicity plays an important role in 
the pathogenesis of these diseases[2, 3].  Glu-induced neuronal 
death is initiated by overstimulation of N-methyl-D-aspartate 
(NMDA) receptors, resulting in an increase in intracellular free 

calcium, followed by the activation of catabolic enzymes and 
leading to an intracellular cascade of cytotoxic events.  

Recently, an increasing number of studies has found that 
mitochondria — organelles that are vitally important for 
controlling cell life and death — are involved in Glu-induced 
excitotoxicity because they possess a large capacity for calcium 
uptake in response, finally resulting in mitochondrial Ca2+ 
overload.  Mitochondrial Ca2+ overload may activate neuronal 
cell death through the release of pro-apoptotic factors and 
increased generation of reactive oxygen species (ROS)[4, 5].  The 
extent to which ROS and subsequent oxidative stress may play 
an essential role in Glu toxicity in both acute insults, such as 
ischemia[6], and chronic neurodegenerative diseases[7] has been 
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investigated.  Thus, oxidative damage, destruction of calcium 
homeostasis and mitochondrial dysfunction are essentially 
consequences of Glu-induced excitotoxicity.  Consistent with 
these findings, antioxidants and mitochondrial nutrients[8, 9] 
may be promising candidates for the prevention and treatment 
of these diseases.

Centella asiatica has long been used in Ayurvedic medicine 
and traditional Chinese medicine to treat various ailments and 
to enhance memory.  Recent findings suggest that Centella asi-
atica has cognition-enhancing properties through its ability to 
protect against oxidative stress[10, 11], reduce the extent of mito-
chondrial damage[12] and increase axonal regeneration and 
neurite elongation[13].  Asiatic acid (AA) is a pentacyclic trit-
erpene found in Centella asiatica.  Our previous studies dem-
onstrated that AA could attenuate H2O2- or rotenone-induced 
neural injury due to its protection from mitochondrial mem-
brane depolarization[14].  AA also showed protective effects 
against Glu- and Aβ-induced neurotoxicity[15, 16].  Moreover, 
AA may be an effective agent for treating cerebral ischemia[17].  
Therefore, AA is interesting as a candidate for potential appli-
cation in the treatment of neurodegenerative diseases.  

In this study, we used an in vitro model of Glu-induced exci-
totoxicity in SH-SY5Y cells and an in vivo dementia model of 
perinatal monosodium glutamate (MSG) exposure[18] to inves-
tigate the neuroprotective functions of AA and its possible 
mechanisms of action.

Materials and methods
Materials
Glu, MSG, AA and MTT were purchased from Sigma (St 
Louis, MO, USA).  Minimum Essential Medium (MEM), Nutri-
ent Mixture Ham’s F-12 (F12), nonessential amino acids and 
trypsin were purchased from Gibco BRL (Grand Island, NY, 
USA).  Fetal bovine serum (FBS) was obtained from Sijiqing 
Biological Engineering Materials (Hangzhou, China).  DCFH-
DA and the BCA Protein Quantitative Analysis Kit were 
purchased from Beyotime (Nantong, China).  Anti-β-actin 
primary antibody was purchased from Abcam (Cambridge, 
MA, USA).  Anti-PGC-1α and anti-Sirt1 antibodies were pur-
chased from Santa Cruz Biotechnology (San Diego, CA, USA), 
and all secondary antibodies were purchased from Boster Bio-
logical Technology (Wuhan, China).  All other reagents were 
purchased from commercial suppliers and were of standard 
biochemical quality.

Culture of SH-SY5Y Cells
Human neuroblastoma SH-SY5Y cells (a gift from Dr Zun-ji 
KE, Institute for Nutritional Sciences, Chinese Academy of 
Sciences, Shanghai, China) were maintained in MEM/F12 
medium, supplemented with 1% nonessential amino acids and 
10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin at 
37 °C in 5 % CO2.  The cells were passaged once every 3 d.  

MTT assay
To determine cell viability, the MTT assay was used.  SH-
SY5Y cells were cultured in 96-well plates at a seeding den-

sity of 3000 cells per well.  Twenty-four hours later, the cells 
were treated with AA for 24 h and then exposed to the same 
fresh medium containing 10 mmol/L Glu for 24 h.  Next, 
100 μL/well MTT (1 mg/mL) was added to each well, and 
the cells were incubated for 4 h at 37 °C.  After incubation, 
dimethyl sulfoxide (DMSO, 100 μL) was added to each well 
to dissolve the precipitate.  The absorbance was read with a 
microplate reader (Molecular Devices, Sunnyvale, CA, USA) 
at 570 nm.  

Flow cytometric analysis
Briefly, following drug treatment, the cells were harvested and 
washed twice with ice-cold PBS.  The presence of apoptotic 
cells that expose phosphatidylserine on their outside surface 
was determined by an Annexin V-FITC Apoptosis Kit (Cal-
biochem, San Diego, CA, USA).  Annexin V-FITC (1.25 μL) 
was added to 500 μL of 1×Annexin V-FITC binding buffer, 
and the cells were incubated at room temperature for 15 min 
in the dark.  After washing the cells with 1×binding buffer, 
10 μL propidium iodide (PI) was added to the binding buffer, 
and the cells were analyzed with a flow cytometer (Beckman-
Coulter MoFLo XDP, Fullerton, CA, USA).  The percentages of 
apoptotic and necrotic cells were estimated for each sample.

Mitochondrial membrane potential (MMP) assay 
The MMP were determined with a fluorescent dye, JC-1 
(Molecular Probes, Eugene, OR, USA).  The cells were seeded 
in 24-well plates at a density of 3×104 cells/mL.  The fluo-
rescence intensity was observed immediately following JC-1 
staining (2.5 μg/mL of JC-1 at 37 °C for 30 min) with fluores-
cence spectrometry (Molecular Devices, Sunnyvale, CA, USA; 
Ex 488/Em 535 for JC-1 green and Ex 488/Em 595 for JC-1 red) 
and fluorescence microscopy (Nikon TE2000 inverted micro-
scope, Tokyo, Japan).

Hoechst 33342 staining
The cells were cultured in 24-well plates at a density of 3×104 
cells/mL.  The cells were fixed in 4% paraformaldehyde for 
30 min at room temperature.  After staining with 10 μg/mL 
Hoechst 33342 for 10 min, the cells were observed under a 
fluorescence microscope.

Intracellular ROS determination 
ROS were measured with the non-fluorescent probe DCFH-
DA.  The cells were incubated with DCFH-DA at 37 °C for 
30 min, and the distribution of DCF fluorescence produced 
by 1x104 cells was detected with a fluorescence microscope or 
FACscan cytometer at an excitation wavelength of 488 nm and 
an emission wavelength of 535 nm.  

Western blot analysis
After treatment like describing in MTT assay, 1×106 cells were 
collected and subjected to Western blot analysis.  The cell pro-
teins were extracted and quantified with a BCA Protein Quan-
titative Analysis Kit.  After addition of the sample loading 
buffer, protein samples were electrophoresed using 8%–12% 
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SDS-PAGE and subsequently transferred to PVDF membranes 
(Bio-Rad, Hercules, CA, USA).  Each membrane was incubated 
in fresh blocking buffer (0.1% Tween 20 in Tris-buffered saline, 
pH 7.4, containing 5% nonfat dried milk) at room temperature 
for 30 min and then probed with anti-PGC-1α, anti-Sirt1 or 
anti-β-actin antibodies in blocking buffer at 4 °C overnight.  
The membrane was washed three times for 5 min each using 
PBST (PBS and 0.1% Tween 20).  The membrane was incu-
bated in the appropriate HRP-conjugated secondary antibody 
at room temperature for 2 h.  The immunoreactive protein was 
visualized using the chemiluminescent reagent ECL (Pierce 
Biotechnology, Rockford, IL, USA) according to the manufac-
turer’s protocol.

Animals
Neonatal mice at postnatal day (PD) 7 were procured from the 
Comparative Medicine Center (Yangzhou University, Yang-
zhou, China) and housed in cages at an ambient temperature 
of 25 °C with 12 h light/dark cycles.  Food and water were 
freely available.  

Drug administration
The animals were randomly assigned to drug or control 
groups (n=10 in each group), respectively.  MSG was dissolved 
in 0.9% sodium chloride (NaCl).  In the drug group, neonatal 
mice were given MSG subcutaneously (in the neck, 2.5 mg/g 
body weight) from PD 7 to 13 as previously described[19].  The 
control pups received equal volumes of 0.9% NaCl.  On PD 
28, the animals were weaned, and animals of the same sex 
that had been subjected to the same treatment were housed 
together.  AA was suspended in 0.5% carboxymethylcellulose 
and administered by oral gavage.  The animals were divided 
into four experimental groups: control, MSG, MSG+50 mg/kg 
AA and MSG+100 mg/kg AA.  The AA doses used in this 
study were chosen on the basis of previously published exper-
iments[17].  AA was administered after MSG treatment on PD 
14 and daily thereafter for 30 d.  The mice then performed the 
Morris water maze.  All protocols described were reviewed 
and approved.

Morris water maze test
The animals were tested with a spatial version of the Morris 
water maze[20].  It consisted of a circular water tank (90 cm 
diameter, 50 cm height) that was partially filled with water 
(25±2 °C).  Black ink was used to render the water opaque.  
Prior to the water maze testing, all mice were habituated to 
the water by being allowed to swim freely without a platform 
present.  The pool was in the center of a room containing vari-
ous salient visual cues and was divided virtually into four 
equal quadrants, labeled N (north), S (south), E (east), and W 
(west).  The cues remained constant throughout the testing 
process.  An escape platform (6 cm diameter) was hidden 1 
cm below the water surface in one of the four maze quadrants 
(the target quadrant).  The platform remained in the same 
quadrant during the entire experiment.  The training consisted 

of 4 trials per day for 4 d with each trial having a time limit of 
60 s and with an interval between trials of approximately 60 s.  
Each mouse had to swim until it climbed onto the submerged 
platform.  After climbing onto the platform, the animal 
remained there for 30 s before the commencement of the next 
trial.  If the mouse failed to reach the escape platform within 
the maximally allowed time of 60 s, it was gently placed on 
the platform and allowed to remain there for 30 s, and the 
time to reach the platform (latency) was recorded as 60 s.  On 
the fifth day, a spatial probe test was conducted.  Each mouse 
was given one 60 s retention test trial in which the platform 
had been removed from the tank.  The time spent in the target 
quadrant was recorded.  The time spent in the target quadrant 
indicates the degree of memory consolidation that took place 
after learning.

Protein, lipid peroxidation, glutathione and superoxide dismutase 
assays
After completing the Morris water maze test, the animals were 
sacrificed and their brains were quickly removed to dissect the 
hippocampus and cerebral cortex.  The dissected brains were 
homogenized in 0.1 mol/L phosphate buffer (PB, pH 7.4).  The 
homogenate was used to estimate the amount of lipid peroxi-
dation, glutathione and superoxide dismutase.  The amounts 
of protein, tissue lipid peroxidation, glutathione and superox-
ide dismutase were determined using kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).  The homogenate 
was centrifuged for 30 min at 3000×g at 4 °C, and the super-
natant was used for enzyme assays.  Glutathione (GSH) levels 
were determined using the DTNB-GSH reductase recycling 
method[21].  The levels of malondialdehyde (MDA), an inter-
mediate product of lipid peroxidation, were determined with 
the thiobarbituric acid (TBA) reaction[22].  The protein content 
was measured by the method of Bradford[23] using bovine 
serum albumin as a standard.

Histological analysis by hematoxylin-eosin (HE) staining
The hippocampi of two mice from each group were chosen 
for hematoxylin-eosin (HE) staining.  The mice were sacri-
ficed and immediately transcardially perfused with 0.1 mol/L 
phosphate buffer, pH 7.4, followed by freshly prepared 4% 
paraformaldehyde in 0.1 mol/L phosphate buffer.  The brains 
were removed and fixed in 4% paraformaldehyde in 0.1 mol/L 
phosphate buffer (pH 7.4) at 4 °C for more than 24 h.  Coro-
nal blocks were embedded in paraffin for staining.  The hip-
pocampi stained with HE were analyzed under a microscope 
at 400×magnification.  

Statistical analysis
The data were expressed as the mean±SD.  The data were ana-
lyzed using a one-way factorial analysis of variance (ANOVA).  
Tukey’s test was then performed to compare treated samples, 
and the differences were considered to be significant when 
P<0.05.
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Results
AA attenuates Glu-induced toxicity in SH-SY5Y cells
The treatment of SH-SY5Y cells with Glu (8 or 10 mmol/L) for 
24 h markedly reduced cell viability (Figure 1A).  A concentra-
tion of 10 mmol/L Glu was chosen for our subsequent experi-
ments.  To examine the neuroprotective effects of AA, the cells 
were preincubated with different concentrations of AA (0.01–
100 nmol/L) for 24 h, followed by exposure to 10 mmol/L 
Glu for 24 h.  AA provided protection against Glu-induced 
injury, and the strongest protective effect was achieved with 
10 nmol/L AA (Figure 1B).  

Effects of AA on Glu-induced apoptosis 
Apoptosis was assessed using Hoechst staining and flow 
cytometry.  As shown in Figure 2A, the exposure of cells to 10 
mmol/L Glu resulted in chromatin condensation but not DNA 
fragmentation.  A similar form of chromatin condensation has 
recently been observed in HT22 cells and cerebellar granule 
neurons exposed to Glu[24, 25].  Pretreatment with AA allevi-
ated Glu-induced nuclear morphological alterations.  The flow 
cytometry results (Figure 2C) demonstrated that stimulation 
with 10 mmol/L Glu produced apoptosis in 7.38% of the cells 
compared with 1.28% of the control group.  AA 10 nmol/L 
treatment reduced the incidence of apoptosis to 2.98%.

Figure 1.  Inhibition by AA of Glu-induced cell death.  (A) Cell viability was determined using MTT assay.  Cells were exposed to 2–10 mmol/L Glu for 
24 h without AA pretreatment.  (B) Cells were preincubated with different concentrations of AA for 24 h, and then exposed to 10 mmol/L Glu for 24 h.  
bP<0.05 vs control.  eP<0.05 vs Glu.  All data are expressed as mean±SD of 5 replicate values in 3 separate experiments.

Figure 2.  AA pretreatment significantly suppressed Glu-induced cell apoptosis.  (A) AA pretreatment significantly decreased Glu-induced nuclear 
condensation.  Apoptosis was determined morphologically by staining with Hoechst 33342 (original magnification 400×).  AA10, 10 nmol/L AA. (B) 
Flow cytometric analyses with Annexin V-FITC and PI labels of cultured Sh-SY5Y cells.  (C) Percentage of apoptotic cells in total cells (n=3).  bP<0.05 vs 
control.  eP<0.05 vs Glu.
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AA reduces ROS generation and restores the mitochondrial 
membrane potential (MMP) following Glu stimulation
Previous studies have demonstrated that stimulation by Glu 
can result in excessive ROS generation and a decrease in the 
mitochondrial membrane potential[26, 27].  We sought to deter-
mine whether AA has the ability to modulate the mitochon-
drial membrane potential and levels of intracellular ROS fol-
lowing excitotoxic stimulation.  As shown in Figure 3B, FACS 
analysis revealed that 10 mmol/L Glu treatment increased 
ROS levels compared with the control group, whereas 10 
nmol/L AA pretreatment significantly reduced Glu-induced 
ROS generation.  Representative fluorescence photomicro-
graphs (Figure 3A) were consistent with the FACS results.  To 
assess the effect of AA on the changes in the MMP induced by 
Glu, fluorescence spectrometry and fluorescence microscopy 
analyses were performed using JC-1 staining.  Glu induced a 

decline in the MMP compared with the control.  This decline 
in MMP was prevented by AA (Figures 3C, 3D).  These results 
indicate that AA may prevent Glu-mediated neurotoxicity 
partially through a reduction in ROS production and a restora-
tion of MMP.

Effects of AA on the expression of PGC-1α and Sirt1
The silent information regulator 2 family of proteins (sirtuins) 
are NAD-dependent deacetylases that are believed to regulate 
survival and longevity[28].  Mammalian species have seven dif-
ferent sirtuin family members with the closest relative to the 
yeast sirtuin being Sirt1.  Its beneficial role in neurodegenera-
tive diseases has been studied extensively, and it holds great 
potential as a therapeutic target for neurodegeneration[29].  
Peroxisome proliferator-activated receptor γ coactivator α 
(PGC-1α) controls mitochondrial biogenesis and function[30] 

Figure 3.  AA reduced ROS generation and restored MMP following Glu stimulus.  (A) Cells were exposed to 10 mmol/L Glu with or without 10 nmol/L AA 
pretreatment.  Representative fluorescence photographs (100×).  AA10: 10 nmol/L AA.  (B) Levels of ROS were analysed by FACS.  Representative flow 
cytometry graph showing the DCF staining (n=3).  Red peak: control; green peak: 10 mmol/L Glu; blue peak: 10 nmol/L AA+10 mmol/L Glu.  (C) MMP of 
cells with 24 h Glu stimulus in the absence or presence of AA, determined by fluorescence spectrometry.  (D) Representative fluorescence photographs 
of cellular mitochondrial mem brane potential (400×).  Mean±SD (n=3) are shown.  bP<0.05 vs control.  eP<0.05 vs Glu.
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and thereby plays an important role in brain energy homeosta-
sis and neurodegenerative diseases[31, 32].  Recently, an increas-
ing number of studies have indicated that Sirt1 can interact 
with and regulate the activity of PGC-1α[33, 34].  Because of these 
findings, we examined whether AA affects the expression of 
Sirt1 or PGC-1α in Glu-treated cells.  According to Western 
blot analysis (Figure 4), cells preincubated with AA showed 
an upregulation of Sirt1 and PGC-1α compared with the Glu-
only group, and this upregulation may have prevented Glu-
induced injury in these cells.  

Effects of AA on MSG-induced cognitive deficits
The amount of time mice required to find the hidden platform 
during the acquisition phase of the water maze experiment 
is presented in Figure 5A.  The mean latencies for all groups 
were similar on the first day; in the following days, controls 
rapidly improved to locate the hidden platform, whereas the 
MSG group tended to require more time than controls.  The 
difference in latency to locate the platform between the MSG 

and control groups was significant by d 3 and 4, whereas 
improvement of the AA-treated group versus the MSG group 
became significant on d 4.  The MSG-treated animals showed 
a reduced ability to find the platform, and this poorer perfor-
mance was partially prevented by chronic treatment with AA.  
Animals administered the high dose of AA showed a better 
capacity to reach the platform than those administered the 
low dose.  In the spatial probe on d 5 of the trial, in which the 
platform was removed and mice were given one 60 s reten-
tion test trial, the MSG group spent less time in the platform 
quadrant than the control group (Figure 5B).  In contrast, the 
mice treated with AA spent a significantly longer time in this 
quadrant than the MSG group.  The 100 mg/kg dose was asso-
ciated with better memory consolidation.

Effects of AA on MSG-induced oxidative stress
It has been suggested that MSG can induce oxidative stress in 
the rat brain and that antioxidants may be effective at amelio-
rating this effect[35].  Therefore, we investigated the levels of 
lipid peroxidation and the activity of an antioxidant enzyme 
in the hippocampus and cortex.  The MSG-induced lipid per-
oxidation levels [determined using malondialdehyde (MDA)]

Figure 4.  Effects of AA on Glu-stimulated expressions of Sirt1 and 
PGC-1α.  Sirt1 and PGC-1α expressions in cells pretreated with AA (0.1–10 
nmol/L).  Mean±SD.  n=3.  bP<0.05 vs Glu group.

Figure 5.  Effects of MSG and treatment with AA on the performance of 
spatial memory acquisition.  (A) Latencies of mice during the 4 d test.  (B) 
Times on d 5 that mice spent in the target quadrant with the platform 
removed.  Mean±SEM.  n=10.  bP<0.05 vs control.  eP<0.05 vs MSG. 
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in the hippocampus and cortex of mice increased significantly, 
whereas glutathione levels and SOD activity decreased.  The 
treatment with AA restored the levels of lipid peroxidation 
and glutathione and the activity of SOD toward their control 
values (Table 1).

Effects of AA on MSG-induced injury of the hippocampus 
Neonatal MSG treatment produces degenerative changes in 
the developing brain; many studies have found that the injury 
is attributable to the destruction of the hippocampus[36].  In 
HE-stained sections, neuronal damage was manifested in the 
MSG group.  The pyramidal layered structure disintegrated, 
and neuronal loss was found in the CA1 region.  Neurons with 
pyknotic or shrunken nuclei were also observed in the CA3 
region (Figure 6).  These injuries were significantly attenuated 
by AA treatment.

Discussion
In the present study, we report that AA protected SH-SY5Y 
cells from Glu-induced injury in vitro and improved learning 
and memory deficits in the MSG-induced dementia animal 
model in vivo.  

First, our data analysis shows that AA significantly pro-
tected cells from Glu excitotoxicity (Figure 1), and AA itself 
caused no conspicuous alterations in the growth of SH-SY5Y 
cells (data not shown).  The neuroprotective effect of AA in 
the MTT assay paralleled the morphological analyses obtained 
with Hoechst 33342 staining and the flow cytometry assay.  
In addition, an important result demonstrated that 0.1–100 
nmol/L AA acted against Glu toxicity; however, with increas-
ing concentrations of AA, the protective ability decreased and 
even showed toxic effects (data not shown).  This is because at 
high doses, AA can induce apoptosis via the activation of cas-
pase-9 and -3 and increased intracellular free Ca2+ [37, 38].

The overactivation of glutamate receptors has been reported 
to induce an excessive influx of Ca2+, following depolarization 
of the mitochondrial membrane and increased production 
of ROS[26].  Mitochondria are known to generate ROS due to 
mitochondrial electron flow in the respiratory chain[39].  Mean-
while, mitochondria themselves are vulnerable to ROS, and 
excessive ROS can induce mitochondrial damage.  This inter-
action between mitochondrial dysfunction and ROS genera-

tion may contribute to an understanding of why AA inhibits 
cell death during neurotoxicity.  On the basis of the above 
discussion, reducing the intracellular ROS levels and restoring 
the MMP significantly affects the neuroprotective function of 
AA.  Our data suggest that, at a concentration of 10 mmol/L, 
Glu increases ROS levels.  Pretreatment with AA reduced ROS 
levels in Glu-injured cells (Figure 3).  These results are consis-
tent with those of our previous study, which showed that AA 
has hydroxyl radical-scavenging activity in cell-free systems[40].  
The disruption of the MMP may lead to cytochrome c release 
and activation of caspases that may lead to cell death.  In our 
experiments, AA attenuated the decline of the MMP induced 
by Glu.  Our data corroborate the results of a previous study, 
which reported that AA prevents the collapse of the MMP 
in rotenone-induced neuronal damage[14] and in the oxygen-
glucose deprivation (OGD) cell culture model of ischemia[17].

Recently, an increasing number of studies have indicated 
that the regulation of mitochondrial biogenesis may be ben-
eficial for neuronal recovery and survival in neurodegenera-
tive disorders[32, 41, 42].  PGC-1α has been shown to be a master 
regulator of mitochondrial biogenesis and cellular energy 

Table 1.  MSG-induced changes in mouse brain oxidative stress 
parameters and their responses to administration of AA.  Values are 
expressed as mean±SEM.  n=8.  bP<0.05 vs control.  eP<0.05 vs MSG. 

                                                    GSh                     SOD                    MDA
                                              (mg/g prot)   (U/mg prot)      (nmol/mg prot)       
 
Control 7.22±0.32 402±23   8.44±1.44
MSG 6.72±0.44 365±34 13.68±3.37b

MSG+AA 50 mg/kg  7.71±0.45e 372±24 10.38±0.90e

MSG+AA 100 mg/kg  7.90±0.51e 381±20   8.73±0.91e

Figure 6.  Effect of AA treatment on CA1 and CA3 neuron densities in 
hippocampus.  Representative pictures obtained by HE staining (400×).  
When compared with the MSG-treated group, CA1 and CA3 neurons 
appear well preserved in AA-treated mice.  MSG, 2.5 mg/g MSG; AA50, 50 
mg/kg AA; AA100: 100 mg/kg AA.
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metabolism.  PGC-1α increases the expression of a major 
antioxidant enzyme of mitochondria, superoxide dismutase 
2 (SOD2)[43], and powerfully suppresses reactive oxygen spe-
cies (ROS) in vivo[32].  Furthermore, PGC-1α knockout mice are 
much more sensitive to damage by oxidative stress, displaying 
apoptotic cell death in the dopaminergic cells of the substantia 
nigra and in hippocampal neurons[32].  From these findings, it 
seems reasonable that therapeutic agents that activate PGC-1α 
could successfully treat those neurodegenerative diseases in 
which mitochondrial dysfunction and oxidative damage play 
an important pathogenic role.  Sirt1—an NAD-dependent 
deacetylase that has been linked to longevity — interacts with 
and regulates the activity of PGC-1α[34, 44].  It was reported that 
Sirt1 can deacetylate transcription factors such as p53 and the 
forkhead transcription factor (FOXO) family of proteins and 
thereby reduce p53, FOXO-induced apoptosis[45, 46].  Thus, 
Sirt1 may be another agent capable of playing a therapeutic 
role in neurodegenerative disease[29].  Due to the considerable 
effects that PGC-1α and Sirt1 have on neuronal function, we 
examined if they mediate the neuroprotective effects of AA.  A 
novel finding is that pretreatment with AA (0.1–10 nmol/L) 
prior to Glu stimulation dose-dependently increases the 
expression of PGC-1α and Sirt1 at the same time.  This result 
is consistent with the finding that Sirt1 can regulate PGC-1α as 
mentioned above.  Thus, it is possible that the upregulation of 
PGC-1α and Sirt1 is responsible for the neuroprotective effects 
of AA.  Another neuroprotective agent, resveratrol, also acti-
vates the Sirt1 pathway[47, 48].  Interestingly, we also found that 
after exposure to Glu alone, the cells show a slight increase in 
PGC-1α.  This change in PGC-1α may reflect the cell’s intrin-
sic response to stressful stimuli, but AA pretreatment largely 
increased the expression of PGC-1α compared with Glu stimu-
lation alone.  This is consistent with a previous report that 
NMDA can directly induce the expression of PGC-1α in neu-
ronal cells[49].  

Furthermore, the neuroprotective function of AA amelio-
rates MSG-induced cognitive deficits in vivo.  The neonatal 
administration of MSG causes cognitive deficits in adult 
animals[50–52].  The Morris water maze is a commonly used 
method for evaluating learning and memory.  MSG-induced 
deficits in learning and memory were revealed in the mice, 
and memory was enhanced by AA.  The hippocampus has an 
important role in spatial learning and memory[53].  Damage to 
and morphological changes of the CA1 hippocampal struc-
ture has been described in MSG-treated animals[36, 54].  Our 
data confirmed that the CA1 hippocampal structure under-
went disintegration.  We also found that the CA3 pyramidal 
neurons became pyknotic or shrunken, and this damage was 
significantly prevented by simultaneous administration of 
AA.  However, the CA3 hippocampal neurons appear to be 
less damaged when analyzed in terms of tissue volume and 
cell numbers instead of morphology[54].  Previous studies have 
suggested that the oxidative stress induced by MSG might 
contribute to hippocampal impairment[51, 55].  AA is viewed as 
a promising antioxidant candidate; it sufficiently abated oxi-
dative stress in MSG-treated rodents by enhancing both GSH 

levels and SOD activity and by reducing MDA levels.  There-
fore, it is hypothesized that the attenuation of oxidative stress, 
following induced hippocampal damage, is responsible for the 
effects of AA against MSG-induced dementia.  

In conclusion, our data support the notion that AA attenu-
ates cognitive deficits in an animal model of MSG-induced 
dementia.  In addition, AA offered beneficial effects in Glu-
induced cellular injury by suppressing oxidative stress and 
protecting mitochondria.  Taking these in vitro and in vivo 
results together, especially the protection of mitochondria 
by AA, AA and related compounds may develop into a new 
therapeutic approach for preventing and/or treating neuronal 
damage and degenerative disorders.  
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