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ABSTRACT. Glutamate induces neuronal damage by generating oxidative stress and neurotoxicities. 
The neurological damage caused by glutamate is more severe during brain development in 
newborns than in adults. Resveratrol is naturally present in a variety of fruits and medicinal plants 
and exerts a neuroprotective effect against brain damage. The goal of this study was to evaluate the 
neuroprotective effects of resveratrol and to identify changed proteins in response to resveratrol 
treatment during glutamate-induced neonatal cortical damage. Sprague-Dawley rat pups (7 days old) 
were randomly divided into vehicle, resveratrol, glutamate, and glutamate and resveratrol groups. 
The animals were intraperitoneally injected with glutamate (10 mg/kg) and/or resveratrol (20 mg/
kg) and their brain tissue was collected 4 hr after drug administration. Glutamate exposure caused 
severe histopathological changes, while resveratrol attenuated this damage. We identified regulated 
proteins by resveratrol in glutamate-induced cortical damaged tissue using two-dimensional gel 
electrophoresis and mass spectrometry. Among identified proteins, we focused on eukaryotic 
initiation factor 4A2, γ-enolase, protein phosphatase 2A subunit B, and isocitrate dehydrogenase. 
These proteins decreased in the glutamate-treated group, whereas the combination treatment of 
glutamate and resveratrol attenuated these protein reductions. These proteins are anti-oxidant 
proteins and anti-apoptotic proteins. These results suggest that glutamate induces brain cortical 
damage in newborns; resveratrol exerts a neuroprotective effect by controlling expression of various 
proteins with anti-oxidant and anti-apoptotic functions.
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Glutamate (C5H9NO4) is a major excitatory neurotransmitter in the central nervous system [44]. It is associated with a variety of 
functions including memory, learning, cognition, and behavior [42]. However, excessive glutamate exposure induces oxidative stress 
and pathological changes, and consequently leads to cell death in neuron [39, 51]. It accelerates intracellular calcium influx through the 
glutamate receptor. The increased concentration of calcium in neurons causes severe damage to mitochondria, eventually results in cell 
death [6]. Glutamate excitotoxicity causes nerve damage in both adults and newborns [5, 48]. Moreover, glutamate excitotoxicity in 
newborns delays the development of neurological reflexes and motor coordination abilities [23, 24]. Glutamate receptors play an important 
role in neural circuit formation and synaptic plasticity regulation in the central nervous system during brain development [4, 21].

Resveratrol is a natural polyphenolic vegetable ingredient contained in red wine, grapes, berries, and nuts. It exerts various 
biological effects such as anti-oxidant, anti-inflammatory, and anti-cancer properties [18, 22, 65]. Resveratrol reduces anxiety, 
relieves nerve loss and cognitive impairment, and exerts a neuroprotective effect against traumatic brain injury in immature rats 
[57]. Resveratrol has significant anti-oxidant activity and acts as a neuroprotectant against β-amyloid toxicity, excitatory toxicity, 
ischemia, and hypoxia [16, 25, 63, 67]. We have previously shown the neuroprotective effects of resveratrol on focal cerebral 
ischemia in adult rats [54]. The neuroprotective role of resveratrol in glutamate excitotoxicity has been reported in adult models [61, 
68], but little is known about its effect on the newborn brain. We propose that resveratrol exerts neuroprotective effects by regulating 
various proteins in glutamate-exposed newborn cortices. Therefore, we investigated the histopathological changes of resveratrol in 
glutamate-exposed newborn cortices and identified the regulated proteins by resveratrol treatment.
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MATERIALS AND METHODS

Experimental animal
Pregnant female Sprague-Dawley rats were purchased from Samtako Co. (Animal Breeding Center, Osan, Korea), and rat pups 

were gotten. Animals were raised at control temperature (25°C) and lighting (12:12 light/dark cycle), and were supplied with standard 
chau (Samyang, Seoul, Korea) and water ad libitum. All the processes of the experimental animals were performed as a guideline 
of the Institutional Animal Care and Use Committee in Gyeongsang National University. Rat pups (11–15 g) at post-natal 7 day 
were randomly divided into four groups: vehicle, glutamate, resveratrol, glutamate and resveratrol treatment group (n=7 per group). 
Resveratrol (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.1% dimethyl sulfoxide (DMSO) with phosphate buffered saline 
(PBS) and glutamate was dissolved in only PBS [64]. Resveratrol (20 mg/kg) and/or glutamate (10 mg/kg) were administered to 
animals by intraperitoneal injection [64]. Vehicle-treated animals were administrated with only DMSO solution without drugs. Animals 
were sacrificed 4 hr after treatment and cerebral cortical tissues were collected. The brain cortex was fixed to 4% paraformaldehyde 
solutions for morphological studies and frozen in liquid nitrogen, maintaining at −70°C for protein research.

Hematoxylin and eosin staining
Fixed cerebral cortex tissues were washed with tap water, dehydrated with gradient ethyl alcohol series from 70% to 100%, and 

cleaned with xylene. Tissues were embedded into paraffin using Embedding center (Leica, Westlar, Germany) and made into paraffin 
tissue blocks. Tissue blocks were sectioned 4 µm thick using a rotary microtome (Leica) and sliced sections were placed on slide 
glass. Tissue slides were deparaffinized with xylene and hydrated with ethyl alcohol series from 100% to 70%, and were kept in water. 
Tissue slide were stained with Harris’ hematoxylin solution (Sigma-Aldrich) for 3 min, washed with tap water for 10 min, reacted with 
Eosin Y (Sigma-Aldrich) for 1 min. After staining process, tissue slides were dehydrated with gradient ethyl alcohol series, cleaned 
with xylene, and sealed with a permount mounting solution (Fisher scientific, Fair Lawn, NJ, USA). The morphological changes of the 
cerebral cortex were observed using Olympus microscopy (Olympus, Tokyo, Japan) and microscopic images were taken.

Two-dimensional gel electrophoresis
A proteomic approach was carried out as a previously described method [26]. The cerebral cortex tissues were prepared in lysis 

buffer (8 M urea, 4% CHAPS, 0.2% ampholyte, 40 mM Tris-HCl) and homogenize using a tissue homogenizer. After centrifugation at 
20,000 rpm for 20 min at 4°C, the supernatant was collected and proteins were precipitated with 10% trichloroacetic acid for 30 min at 
room temperature. The pellets were collected by centrifugation of the precipitated protein. After washing, pellets were washed with 1 M 
Tris-HCl (pH 7.6), dried for 1 hr and sample buffer [8 M urea, 4% CHAPS, 0.2% ampholyte, 40 mM Tris-HCl, 2 µg/ml dithiothreitol 
(DTT)] was added to dried pellets. The sonication phase was performed for 3 min, and the protein sample was incubated for 1 hr at 
room temperature and centrifuged at 15,000 g for 30 min at 4°C. The supernatants were collected and total protein concentrations were 
measured using Bradford protein assay kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol. The immobilized 
pH gradient (IPG) gel strips (17 cm, pH 4–7 and pH 6–9; Bio-Rad) were rehydrated with rehydration solution (8 M urea, 2% CHAPRS, 
20 mM DTT) containing 50 µg protein sample, 0.5% IPG buffer, bromophenol blue for 15 hr at room temperature. The focus step was 
performed with conditions of 250 V for 15 min, 10,000 V for 3 hr, and 10,000 to 5,000 V for 3 hr using EttanIPGphor 3 (GE Healthcare, 
Uppasala, Sweden). The strips were reacted with equilibration buffer [6 M urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), 50 
mMTris-HCl, bromophenol blue] including 1% DTT for 10 min and treated with equilibration buffer containing 2.5% iodoacetamide. IPG 
gel strips were loaded into 12% SDS gel, and two-dimensional separation was performed at 10 mA for 10 hr at 100°C using protein-II XI 
electrophoresis equipment (Bio-Rad). Electrophoresis was performed until bromophenol blue dye reached the underline of the gel.

Silver staining and image analysis
After electrophoresis, gel was dipped in a fixed solution (12% acetic acid, 50% methanol) for 2 hr. The gels were washed 

with 50% ethanol for 20 min, sensitized with 0.02% sodium thiosulfate for 1 min, and rinsed with distilled water for 3 min. The 
sensitized gels were stained with silver stain solution (0.2% silver nitrate, 0.03% formaldehyde) for 20 min and washed with 
distilled water for 2 min. The protein spots were visualized by reaction with develop solution (2% sodium carbonate, 0.02% 
formaldehyde). After stopping the reaction with the suspension solution (1% acetic acid), stained gel was scanned using Agfar 
ARCUS 1200TM (Agfar-Gevaert, Mortsel, Belgium). The images were analyzed using PDQuest 2-DE analysis software (Bio-Rad) 
and protein spots with significant differences in expression among groups were investigated.

MALDI-TOF and protein identification
The specific protein spots were collected from stained gels and destained by reacting with destaining solution (30 mM potassium 

hexacyanoferrate, 100 mM sodium thiosulfate) and washing solution (10% acetic acid in 50% methanol). After destaining, gel spots were 
dehydrated with 50 mM ammonium bicarbonate and acetonitrile, and vacuum-dried with a centrifuge for 20 min. The gel spot were incubated 
with reduction solution (10 mM DTT in 0.1M ammonium bicarbonate) for 45 min at 56°C, and then in the alkylation solution (55 mM 
iodoacetamide in 0.1 M ammonium bicarbonate) for 30 min in dark room. The gel spots were dehydrated with 0.1 M ammonium bicarbonate 
and acetonitrile, and dried with vacuum centrifuge for 20 min. Dried gel spots were incubated with digestion solution (12.5 ng/ml trypsin, 0.1% 
octyl beta-D glycopyranside in 50 mM ammonium bicarbonate) for overnight at 37°C. The trypsin-digested proteins were collected by extraction 
buffer (1% trifluoroacetic acid in 66% acetonitrile), and extracted proteins were dehydrated for 2 hr by vacuum centrifugation. Nitrocellulose 
solution was prepared by dissolving nitrocellulose in acetone and isopropanol was added the same volume of acetone. The alpha-cyano-4-
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hydroxycinnamic acid (CHCA) solution was prepared 
by dissolving CHCA in acetone. The nitrocellulose 
solution and CHCA solution were mixed at a ratio 
of 1:4 and the final matrix solution was prepared by 
adding angiotensin and neurotensin (2 μl/ml). The 
dried proteins were dissolved in the extraction buffer 
and matrix solution, and the samples were mounted 
on the matrix-assisted laser desorption ionization 
time flight (MALDI-TOF) plate. After the samples 
were completely dried, MALDI-TOF was performed 
using Voyager-DE STR (Applied Biosystem, Foster 
City, CA, USA). The proteins were analyzed by 
NCBI and MS-FIT software and protein sequence 
information was searched from SWISS-PROT and 
NCBI sequence database.

Western blot analysis
The cerebral cortex was isolated from the whole brain and homogenized in lysis buffer [1% Triton X-100 in PBS, 1 mM EDTA 

(pH 7.4) and 200 µM phenyl methyl sulfonyl fluoride]. Tissue homogenate was centrifuged at 15,000 g for 20 min and supernatant 
was collected from each sample. Protein concentration for each sample was measured with the BCA Protein Assay Kit (Pierce). Brain 
tissue samples were denatured in sample buffer for 3 min at 100°C and a total of 30 µg protein sample was loaded to 10% sodium 
dodecyl sulfate poly-acrylamide (SDS-PAGE) gels for electrophoresis. The protein was transferred to a polyvinylidene fluoride 
membrane (PVDF) membrane and blocked with 5% skim milk for 1 hr. Membranes were washed with Tris-buffered saline containing 
0.1% Tween-20 (TBST) and treated for overnight at 4°C with the following primary antibodies: anti-eukaryotic initiation factor 4A2 
(eIF4A2), anti-γ-enolase, anti-protein phosphatase 2A subunit B, anti-isocitrate dehydrogenase (ICDH), and anti- β-actin (1:1,000, 
Santa Cruz Biotechnology, Dallas, TX, USA). The membrane was washed with TBST and incubated with horseradish peroxidase-
conjugated anti-mouse IgG or anti-rabbit IgG for 2 hr at room temperature (1:5,000, Pierce). The membrane was once again washed 
with TBST and reacted with chemiluminescence detection reagent (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The 
membrane was developed and finally the protein band was visualized on an X-ray film (Fuji Film, Tokyo, Japan).

Reverse transcription-polymerase chain reaction
The cerebral cortex was mixed with Trizol Reagent (Life Technologies, MD, Rockville, MD, USA) and homogenized using a 

tissue homogenizer (Qiagen, Hilden, Germany). Chloroform was added to the homogenized sample and samples were incubated 
for 10 min at 4°C. The mixture was centrifuged at 13,000 g for 15 min at 4°C and the supernatant collected. Samples were added 
with isopropanol, incubated for 5 min at 4°C, and centrifuged at 13,000 g for 5 min at 4°C. The supernatant was discarded and 
the precipitated RNA pellet was washed with 70% ethyl alcohol and air dried. The RNA pellet was then dissolved in diethyl 
pyrocarbonate water. The extracted total RNA sample (1 µg) was reverse transcribed into complementary DNA (cDNA) with 
the Superscript III first strand system (Invitrogen, Carlsbad, CA, USA). Each target gene sequence of cDNA was detected by 
primers designed for the target gene. Primer DNA sequences are shown in Table 1. The detected gene sequence was amplified 
by polymerase chain reaction (PCR). PCR was performed under the following conditions: cDNA initial denaturation for 5 min at 
94°C; denaturation for 30 sec at 94°C, primer annealing for 30 sec at 54°C, and elongation for 1 min at 72°C; final extension for 10 
min at 72°C. The replication step was repeated for 30 cycles. Amplified DNA samples were added with a Loading Star dye (Dyne 
Bio, Seongnam, Korea) and electrophoresed on 1% agarose gel. The electrophoretic DNA band was detected by ultraviolet light.

Statistical analysis
All experimental data are represented as means ± standard error of mean (S.E.M.). The data of each group were analyzed by 

two-way ANOVA and post-hoc Scheffe’s test was conducted. The differences in comparisons were considered significant at P<0.05.

RESULTS

Figure 1 showed histopathological changes in cerebral cortex damage caused by glutamate exposure. In vehicle-treated animals, 
the cerebral cortex contained pyramidal cells with typical normal morphology and well-developed dendritic cells (Fig. 1A). 
Moreover, only resveratrol-treated animals had elongated dendrites and pyramidal neurons (Fig. 1B). However, glutamate-exposed 
animals have atypically shaped neuron with short dendrites and swollen neurons (Fig. 1C). These histopathologic changes in the 
glutamate-treated animals were alleviated by resveratrol treatment (Fig. 1D).

Figure 2 showed a two-dimensional electrophoretic map image of the cerebral cortex. About 830 protein spots were detected per 
image. We identified 28 protein spots with double intensity changes between only glutamate and glutamate and resveratrol co-
treated animals. These proteins were described by MALDI-TOF analysis. Eight proteins were not identifiable and were considered 
unknown. Detected protein sequences ranged from 21–61% (Table 2). Among the identified proteins, this study focused on eIF4A2, 
γ-enolase, protein phosphatase 2A subunit B, and ICDH (Fig. 3). These proteins were associated with oxidative stress and energy 
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Table 1. Sequence of the primers used for PCR amplification

Gene Primer sequences 
(F, Forward; R, Reverse)

Product 
(bp)

Eukaryotic initiation 
    factor 4A-2

F: 
R:

5′- CAGAGGGAATGGACCCCGAT-3′ 
5′- GTGGCTGTCTTGCCAGTACC-3′

214

γ-enolase F: 
R:

5′- GCACTCTACCAGGACTTTG-3′ 
5′- CGATGACTCACCATAACCC-3′

284

Protein phosphatase 2A, 
    subunit B

F: 
R:

5′- CCTGGTATGCCAAACTCGAT-3′ 
5′- ACAATAGCCACCTGGTCGTC-3′

223

Isocitrate dehydrogenase 
    (NAD+) subunit alpha

F: 
R:

5′- AAAAATCCATGGCGGTTCTGTG -3′ 
5′- GGTCCCCATAGGCGTGTCG -3′

404

β-actin F: 
R:

5′- GGGTCAGAAGGACTCCTACG-3′ 
5′- TTTCACTGCGGCTGATGTAG-3′

238
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Fig. 1. Representative photomicrographs of hematoxylin and eosin staining in the neonatal cerebral cortex of vehicle- (A), resveratrol- (B), 
glutamate- (C), and glutamate and resveratrol co-treated animals (D). Normal pyramidal cells with well-developed dendrites were observed in 
the vehicle animals, while swollen neuron with atypical shapes were observed in the glutamate-treated animals. These morphological changes 
were alleviated in the glutamate and resveratrol co-treated animals. Arrows present damaged neuron. Scale bar=40 μm

Fig. 2. Two-dimensional electrophoresis analysis of proteins in neonatal cerebral cortex of vehicle- (A), resveratrol- (B), glutamate- (C), and glu-
tamate and resveratrol co-treated animals (D). Isoelectric focusing was performed at pH 4–7 using IPG strips, followed by second-dimensional 
separation on 7.5–17.5% gradient SDS gels stained with silver. The square presents the protein spot with double intensity change between the 
glutamate- and the co-treated animals.
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Table 2. List of proteins that were differently expressed between glutamate- and glutamate and resveratrol-treated animals

Spot 
no Protein name Accession 

no
MW 

(kDa) pI Mass 
matched

Sequence 
coverage (%)

1 Dihydropyrimidinase-related protein 2 P47942 62.27 6.00 24/103 52
2 Unknown
3 Eukaryotic initiation factor 4A-2 Q5RKI1 46.73 5.33 16/82 40
4 Eukaryotic initiation factor 4A-2 Q5RKI1 46.37 5.33 16/82 40
5 γ-enolase P07323 47.14 5.00 14/70 34
6 Ubiquitin carboxy-terminal hydrolase L1 Q7TQI3 31.27 4.85 11/66 58
7 Unknown
8 Ubiquitin thiolesterase OTUB1 B2RYG6 31.27 4.80 14/39 61
9 Thioredoxin Q920J4 32.23 4.84 8/87 42

10 Thioredoxin Q920J4 32.23 4.84 8/87 42
11 Unknown
12 Peroxiredoxin 2 Q61171 21.64 5.30 9/51 46
13 Unknown
14 Unknown
15 Unknown
16 Mu-crystallin Q9QYU4 33.33 5.34 9/86 24
17 Mu-crystallin Q9QYU4 33.55 5.30 6/114 21
18 Protein phosphatase 2A, subunit A P63331 35.60 5.30 13/110 45
19 Unknown
20 Mu-crystallin Q9QYU4 33.55 5.30 11/88 30
21 Tubulin-specific chaperone A 25
22 Unknown
23 Isocitrate dehydrogenase (NAD+) subunit alpha Q99NA5 39.58 6.47 8/93 31
24 Rab GDP dissociation inhibitor beta P50399 50.50 5.90 16/138 46
25 Protein phosphatase 2A, subunit B P58389 36.59 5.88 9/56 29
26 Proteasome subunit alpha type3 P18422 28.40 5.30 7/112 27
27 UMP-CMP kinase Q4KM73 22.16 5.66 10/114 50
28 Peroxiredoxin-6 O35244 24.80 5.64 11/64 61

Protein names and accession numbers are listed according to the SWISS-PROT database. MW, molecular weight; pI, isoelectric point.

Fig. 3. Image of eukaryotic initiation factor 4A2 (eIF4A2), γ-enolase, protein phosphatase 2A (PP2A) subunit B, and isocitrate dehydrogenase 
(ICDH) protein spots in neonatal cerebral cortex of vehicle-, resveratrol-, glutamate-, and glutamate and resveratrol co-treated animals. Arrows 
indicate the identified specific spots. Spot intensities were measured using PDQuest software. Protein levels were determined by the ratio of the 
intensity of each animals to the vehicle-treated aniamls. Data (n=4) and are shown as the mean ± S.E.M. #P<0.05.
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metabolism. They were significantly reduced in glutamate-treated animals compared with vehicle-treated animals. These reductions 
were alleviated by a combination treatment of glutamate and resveratrol. All protein spot intensities are represented as the ratio 
of protein intensity between drug-treated animals to vehicle-treated animals. The protein spot intensity value for vehicle-treated 
animals was set to 1. eIF4A2 levels were 0.66 ± 0.06 in glutamate-treated animals and 0.89 ± 0.11 in glutamate-resveratrol 
co-treated animals. γ-enolase levels were 0.57 ± 0.04 and 0.79 ± 0.07 in glutamate- and co-treated animals, respectively. Protein 
phosphatase 2A subunit B levels were 0.69 ± 0.03 in glutamate-treated animals and 0.81 ± 0.07 in co-treated animals. ICDH levels 
were 0.75 ± 0.06 and 0.86 ± 0.07 in glutamate- and co-treated animals, respectively.

Western blot analysis confirmed changes of these protein expressions. All protein levels are represented as the ratio of protein 
intensity to actin intensity (Fig. 4). eIF4A2 levels were 0.28 ± 0.03 in glutamate-treated animals and 0.45 ± 0.04 in co-treated 
animals. γ-enolase levels were 0.31 ± 0.07 and 0.71 ± 0.04 in glutamate- and co-treated animals, respectively. Protein phosphatase 
2A subunit B levels were 0.13 ± 0.03 in glutamate-treated animals and 0.39 ± 0.06 in co-treated animals. ICDH levels were 0.14 
± 0.08 and 0.37 ± 0.03 in glutamate- and co-treated animals, respectively. Reverse transcription-PCR analysis clearly showed 
that eIF4A2, γ-enolase, protein phosphatase 2A subunit B, and ICDH levels were reduced in glutamate-treated animals, while 
resveratrol treatment alleviated these decreases (Fig. 5). eIF4A2 levels were 0.44 ± 0.07 and 0.60 ± 0.06 in glutamate- and co-
treated animals, respectively. γ-enolase levels were 0.27 ± 0.07 in glutamate-treated animals and 0.46 ± 0.04 in co-treated animals. 
Protein phosphatase 2A subunit B levels were 0.36 ± 0.09 in glutamate-treated animals and 0.59 ± 0.04 in co-treated animals. 
ICDH expression levels were 0.73 ± 0.05 and 0.99 ± 0.07 in glutamate- and co-treated animals, respectively. Figure 6 represents a 
schematic diagram of regulated proteins by resveratrol in neurological damage caused by glutamate in newborns.

DISCUSSION

Resveratrol is used in a wide range of biological fields because of its beneficial anti-oxidant and anti-inflammatory properties. 
It has an anti-cancer function by inhibiting the expression of hypoxia-inducing factor and vascular endothelial growth factor [8]. 
Resveratrol reduces the production of free radical species and increases mitochondrial anti-oxidants [22]. It also has neuroprotective 
effects against various types of brain damage [11, 54, 63]. We observed severe histopathologic changes caused by glutamate exposed 
neonatal cerebral cortex. Thus, this study strongly demonstrates that glutamate exposure causes brain cortical damage in newborn rats. 
Resveratrol alleviated the histopathological changes caused by glutamate exposure. In this study, we used a proteomic approach to 
identify regulated proteins by resveratrol treatment in cerebral cortices damaged of newborn animals. Among identified proteins, we 
discussed on specific proteins that associated with oxidative stress, cell-signal transduction, and metabolism.

eIF4A is a translating initiation protein and is an essential factor for binding mRNA and 40S ribosome subunits [34]. It acts 
as an RNA-dependent ATPase and regulates bidirectional RNA helicase activity in mammalian cells [55]. It is a member of 
eIF4A DEAD-box protein family and is classified into three isoforms: eIF4A1, eIF4A2, and eIF4A3 [34, 46]. Among the three 
isoforms, eIF4A2 is expressed extensively in normal tissues and plays an important role in initiating protein synthesis [43]. The 
protein sequences of eIF4A1 and eIF4A2 are about 90% similar, and these proteins perform similar functions [46]. In neurons, 
eIF4A induces ATPase activity and inhibits translation initiation by binding to the brain cytoplasm 1-RNA [32, 62]. Additionally, 
it interacts with embryonic fatal abnormal vision-like protein 4 to regulate neurodevelopment, and modulates synthesis of 
Alzheimer’s disease-related proteins, including amyloid precursor proteins and tau proteins [3, 9]. Brain cytoplasm 1-RNA is 
activated by binding to eIF4A and can regulate neuronal excitation inhibition homeostasis through the regulation of metabotropic 
glutamate receptors [69]. Regulation of neurological excitability is one of the major neurotoxic mechanisms of glutamate [29]. 
Our results showed that glutamate exposure reduces eIF4A2 expression in the cerebral cortex of newborns. Resveratrol treatment 
attenuates eIF4A2 down-regulation in brains with cortical damage caused by glutamate exposure. We confirmed these results 
through Western blot analysis and reverse-transcription PCR techniques. Reduction in eIF4A2 expression inhibits protein synthesis 
initiation and results in neuronal cell death and neuronal dysfunction [7]. Therefore, our results suggest that maintenance of eIF4A2 
expression by resveratrol treatment contributes a neuroprotective function in glutamate-damaged neurons.

Enolases act as glycolytic enzymes that mediate cellular growth and differentiation [52]. They have various subtypes including α-, β-, 
and γ-enolase. γ-enolase is a neuron-specific enolase because it is abundant in neurons and neuroendocrine cells [40, 53]. It also enhances 
neuronal differentiation, neurite outgrowth and axon growth, and consequently promotes neuronal tissue growth as a neurotrophic factor 
[15, 59]. However, neuron-specific enolase down-regulation induces neurodegeneration [15, 47, 59]. Therefore, γ-enolase considers a 
marker of neurodegenerative disorder. We previously showed that γ-enolase expression was reduced in focal cerebral ischemia caused 
by middle cerebral artery occlusion [19]. This study showed that glutamate reduces γ-enolase expression in the neonatal cerebral cortex, 
while resveratrol attenuates this decrease. γ-enolase has been reported to promote cell survival and neurite outgrowth by activating the 
PI3K/Akt signaling pathway [14]. Additionally, resveratrol prevents neuronal cell death during brain damage through activation of the 
PI3K/Akt signaling pathway [1]. Our results demonstrate that glutamate toxicity reduces γ-enolase expression and promotes neuronal cell 
death. Resveratrol prevents γ-enolase reduction by glutamate and reduces neuronal cell death due to glutamate toxicity. Maintenance of 
γ-enolase expression has important implications for protecting neurons from damage. Thus, this study demonstrates that resveratrol can 
protect neurons from glutamate toxicity by regulating γ-enolase expression in the cerebral cortex of newborn rats.

Protein phosphatase 2A is a serine and threonine phosphatase that is ubiquitously found in mammalian cells. It performs various 
cellular functions such as division, growth, and death [17]. Protein phosphatase 2A is known as an important regulator of extracellular 
signal-regulating kinase (ERK)/mitogen-activated protein kinase in the extracellular signal transduction pathway. It controls 
transcription in the endoplasmic reticulum through ERK signaling [37, 49]. Protein phosphatase 2A consists of three subunits: 
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Fig. 4. Western blot analysis of eukaryotic initiation factor 4A2 (eIF4A2), γ-enolase, protein phosphatase 2A (PP2A) subunit B, and isocitrate 
dehydrogenase (ICDH) protein spots in neonatal cerebral cortex of vehicle-, resveratrol-, glutamate-, and glutamate and resveratrol co-treated 
animals. Each lane represents an individual experimental animal. Protein levels were determined by the ratio of the intensity of each protein to 
β-actin intensity. Data (n=5 per group) are presented as mean ± S.E.M. #P<0.05.

Fig. 5. Reverse transcription-PCR of eukaryotic initiation factor 4A2 (eIF4A2), γ-enolase, protein phosphatase 2A (PP2A) subunit B, and isocitrate 
dehydrogenase (ICDH) protein spots in neonatal cerebral cortex of vehicle-, resveratrol-, glutamate-, and glutamate and resveratrol co-treated 
animals. Each lane represents an individual experimental animal. The band intensity of reverse transcription-PCR product was normalized to that 
of β-actin product. Data (n=5 per group) are presented as mean ± S.E.M. #P<0.05.
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structural A, regulatory B, and catalytic C. Subunits A and 
C are distributed throughout various tissues, and subunit 
B is mainly found in brain tissue [41]. Subunit B plays an 
important role in axon growth, synaptic formation, and brain 
development [58]. We found that glutamate reduces protein 
phosphatase 2A subunit B expression in the newborn cerebral 
cortex, while resveratrol attenuates this decrease caused by 
glutamate. Decrease in protein phosphatase 2A expression 
is involved in intracellular neurofibrillary tangles formation 
and leads to neurodegenerative disorders such as Alzheimer’s 
disease [12]. Furthermore, a decrease in protein phosphatase 
2A activity phosphorylates tau protein and causes axonal 
degeneration and neurological disorders [35]. We previously 
reported that decreases of protein phosphatase 2A subunit B 
in focal cerebral ischemia mediates neuronal damage [27]. 
Taken together, we can demonstrate that protein phosphatase 
2A reduction leads to neurological dysfunction and disability. 
Our results clearly show that resveratrol alleviated a decrease 
in protein phosphatase 2A subunit B expression due to 
glutamate exposure in the neonatal cerebral cortex. Protein 
phosphatase 2A subunit B expression prevents neuronal cell damage. Thus, we can demonstrate that resveratrol protects neurons from 
glutamate toxicity through alleviating protein phosphatase 2A subunit B expression decrease in brain damage of newborn rats.

ICDH is an enzyme that participates in the tricarboxylic acid cycle. It is located in mitochondria and is involved in energy 
metabolism and mitochondrial function. ICDH catalyzes oxidative decarboxylation to convert isocitrate into α-ketoglutarate and produce 
NADPH from NADP+ [10]. NADPH is the major proton donor in the reactive oxygen species scavenging pathway [20, 30]. Glucose 
is the only energy source in the central nervous system. Because of the high metabolic rate of neurons, changes in glucose metabolism 
have a decisive effect on survival [13, 56]. Glucose metabolism inhibits neuronal apoptosis signaling pathways through regulation 
of the redox cycle [60]. ICDH is also associated with glutamate metabolism in neurons [28]. It is widely expressed in neurons, 
astrocytes, oligodendrocytes, and microglial cells in the central nervous system [45]. It is also involved in protective processes against 
oxidative stress [2, 30]. ICDH protects macrophages from nitric oxide and reactive oxygen species [38]. Thus, ICDH is an important 
factor in restoring the energy state in neurons during ischemic brain damage [13]. Our proteomics approach showed that ICDH 
expression decreased in damaged cerebral cortices by glutamate exposure and resveratrol treatment recovered this decrease. Western 
blot and reverse transcription-PCR analyses confirmed that resveratrol alleviates the ICDH expression decrease caused by glutamate 
exposure. Resveratrol regulates mitochondrial peroxidases that reduce oxidative stress and protects neuron by regulating mitochondrial 
dysfunction during cerebral ischemia [50, 66]. Resveratrol also protects cardiac cells from myocardial infarction by increasing adenylate 
kinase and activating ICDH [33]. A decrease in ICDH expression results in energy metabolism changes, and an increase in ICDH 
expression alleviates energy metabolism disorder in brain damage [13]. Maintenance of ICDH levels is critical for restoring homeostasis 
of glucose metabolism in ischemia-damaged neurons [13]. Therefore, our findings suggest that resveratrol exerts a neuroprotective effect 
by regulating ICDH expression and energy metabolism in neonatal cerebral cortex damage caused by glutamate.

In this study, we elucidated the neuroprotective effect of resveratrol in glutamate-induced brain damage of newborn rats. We also 
identified that resveratrol regulates the expression of various proteins, such as eIF4A2, γ-enolase, protein phosphatase 2A subunit B, 
and ICDH. These proteins are associated with anti-oxidants, cellular signaling, and glucose metabolism. Resveratrol prevents reduction 
in these proteins caused by glutamate induction in newborn animals. Glutamate toxicity causes neurological disorder not only in adults 
but also in newborns [31, 36]. Clinically, it causes epilepsy in newborns [36]. Taken together, the neuroprotective effect of resveratrol 
on glutamate toxicity in newborns demonstrates that resveratrol will be effective in neonatal epilepsy. In conclusion, resveratrol has 
a neuroprotective effect on the newborn cerebral cortex against glutamate toxicity through regulation of various proteins. Our results 
suggest that resveratrol can be used as a useful substance for treating neurological damage in newborn animals during neurodevelopment.
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