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Abstract
Reactive oxygen species (ROS) are known to play an important role in glutamate-induced neuronal cell death. In the present
study, we examined whether NADPH oxidase serves as a source of ROS production and plays a role in glutamate-induced cell
death in SH-SY5Y human neuroblastoma cells. Stimulation of the cells with glutamate (100 mM) induced apoptotic cell
death and increase in the level of ROS, and these effects of glutamate were significantly suppressed by the inhibitors of the
NADPH oxidase, diphenylene iodonium, apocynin, and neopterine. In addition, RT-PCR revealed that SH-SY5Y cells
expressed mRNA of gp91phox, p22phox and cytosolic p47phox, p67phox and p40phox, the components of the plasma membrane
NADPH oxidase. Treatment with glutamate also resulted in activation and translocation of Rac1 to the plasma membrane.
Moreover, the expression of Rac1N17, a dominant negative mutant of Rac1, significantly blocked the glutamate-induced
ROS generation and cell death. Collectively, these results suggest that the plasma membrane-bound NADPH oxidase
complex may play an essential role in the glutamate-induced apoptotic cell death through increased production of ROS.
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Abbreviations: DCFH-DA, 20,70-dichlorofluorescin diacetate; DMSO, dimethyl sulfoxide; DPI, diphenylene iodonium;
NAC, N-acetyl-L-cysteine; NDGA, nordihydroguaiaretic acid; NMDA, N-methyl-D-aspartate; PI, propidium iodide; ROS,
reactive oxygen species; RT-PCR, reverse transcription polymerase chain reaction

Introduction

Reactive oxygen species (ROS) have been recognized

as important signaling molecules inducing

apoptosis [1–3], mitogenesis, inflammation [4] and

differentiation [5] depending on the concentration.

In particular, ROS and consequent oxidative

stress have been shown to play an essential role in

glutamate toxicity which contributes to the neuronal

loss associated with both acute insults like ischemia

[6,7] and chronic neurodegenerative diseases

such as amyotrophic lateral sclerosis (ALS),

Alzheimer’s disease, Parkinson’s disease, Huntington’s

disease and neuronal acquired immunodeficiency

syndrome [8].

The biological processes leading to ROS generation

are electron transports associated with mitochondrial

membranes as well as non-mitochondrial enzymes such

as cytochrome P-450, cyclooxygenase, nitric oxide

synthase, xanthine oxidase and ribonucleotide

reductase [9,10]. In addition, the membrane-bound

NADPH oxidase is known to produce ROS during

the respiratory burst in neutrophils. The activation

of this enzyme proceeds through a multistep assembly

at the plasma membrane of several components

including the two subunits of cytochrome b558
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(p22phox and gp91phox), the small GTP-binding

proteins (Rac and Rap1A), and the cytosolic factors

(p40phox, p47phox and p67phox) [11,12]. Although the

NADPH oxidase was first characterized in white blood

cells such as neutrophils, it has recently been found to be

far more widespread being present in cells that have no

role in host defense. For example, the NADPH oxidase

components exist in fibroblasts [13], mesangial cells

[14], endothelial cells [15], osteoclasts [16] and

chondrocytes [17,18]. A new family of homologues of

the 91 kDa glycoprotein (gp91phox) containing seven

members and functioning in proton transport has

recently been identified in various cell types. The

NADPH oxidase (NOX)/dual oxidase (DUOX) family

has been detected in the epithelium, smooth-muscle

cells and the endothelium [19]. Homologues of

gp91phox have also been cloned from plants [20,21].

Such wide distribution of the NADPH oxidase complex

implies a role other than simply host defense. Whereas

ROS generation during phagocytosis appears tooccur in

the extracellular (phagosomal) compartments, ROS

generation through nonphagocytic NADPH oxidase

seems to happen intracellularly and upregulation of this

intracellular ROS source may contribute to oxidative

stress [22].

Glutamate excitotoxicity is, in large part, mediated

by N-methyl-D-aspartate (NMDA) receptor acti-

vation and subsequent increase in intracellular

calcium, nitric oxide and free radicals. Activation of

phospholipase A2 through glutamate-stimulated

NMDA receptors releases arachidonic acid (AA).

The metabolic process of AA by cyclooxygenase and

lipoxygenase leads to generation of ROS [23]. In

addition, AA is known to promote the assembly of

phagocytic NADPH oxidase subunits triggering the

activation of the complex [24]. However, the exact

role of the nonphgocytic NADPH oxidase in the

glutamate-induced toxicity in human neuronal cells

have not been reported yet. Hence, in the present

study, we investigated whether the NADPH oxidase

system is present and responsible for glutamate-

induced apoptotic neuronal cell death using SH-

SY5Y human neuroblastoma cells which have been

shown to express both ionotrophic and metabotrophic

glutamate receptors [25–27].

Materials and methods

Materials

Powered Dulbecco’s Modified Eagle Medium: Nutri-

ent Mixture F12 (DMEM-F12), trypsin solution, L-

glutamic acid (glutamate), DPI, apocynin, neopter-

ine, PI, ribonuclease A, protease inhibitor cocktail and

all salt powders were obtained from Sigma Chemical

CO. (St. Louis, MO, USA). DCFH-DA was from

Molecular Probes, Inc. (Eugene, OR). The plasmid

vectors pEXV, pEXVmyc-rac1N17 and pEXVmyc-

rac1WT were generously provided by Dr Yun Soo Bae

(Ewha Women’s University, Seoul, South Korea).

pCMV-b-gal vector was from BD Bioscience (Clon-

tech). FuGene6 transfection solution was from Roche

(Mannheim, Germany). All used PCR primers were

ordered from Bioneer (Daejeon, Korea) and Taq

DNA polymerase was from Promega (Madison,

USA). Fetal bovine serum (FBS) and antibiotics

(penicillin and streptomycin mixture) were purchased

from GIBCO (Grand Island, NY). Glutamate was

dissolved in serum free DMEM-F12 media prior to

use. DCFH-DA was prepared as stock solutions in

dimethyl sulfoxide (DMSO), then diluted with

aqueous medium to the final desired concentrations.

The stock solutions of drugs were sterilized by

filtration through 0.2 mm disc filters (Gelman

Sciences, Ann Arbor, MI).

Cell line and cell culture

SH-SY5Y human neuroblastoma cell line was

purchased from American Type Culture Collection

(Manassas, VA). SH-SY5Y cells were cultured in

DMEM F-12 medium supplemented with 10% FBS,

2.44 g/l sodium bicarbonate, 15 mM HEPES, 100

units penicillin/ml and 100mg streptomycin/ml at

378C in a humid atmosphere with 5% CO2. Cells were

split in a 1:2 ratio every 5 days by trypsinization.

Flow cytometric analysis of apoptosis

To determine apoptosis, SH-SY5Y cells were stained

with PI. At the end of glutamate incubation, SH-

SY5Y cells were trypsinized, washed twice with cold

PBS and then fixed with 70% ethanol for 30 min at

48C. The fixed cells were washed twice with PBS,

incubated in PBS containing 100mg/ml ribonuclease

A for 30 min at 378C, stained with 50mg/ml PI for

30 min and then filtered through a 40mm nylon mesh

filter (Falcon, USA). The cells were subjected to flow

cytometric analysis using a FACSCalibur (Becton

Dickinson, USA) equipped with CellQuest program.

Intracellular ROS measurement

Relative changes in intracellular ROS in the SH-SY5Y

cells were monitored using a fluorescent probe

DCFH-DA. Aliquots of the SH-SY5Y cells were

washed in EBSS. Then, 5mM Fura-2 was added, and

the cells were incubated for 30 min at 378C. Unloaded

Fura-2 was removed by centrifugation at 150g for

3 min. Cells were resuspended at a density of 2 £ 106

cells/ml in Krebs-Ringer buffer containing 125 mM

NaCl, 5 mM KCl, 1.3 mM CaCl2, 1.2 mM KH2PO4,
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1.2 mM MgSO4, 5 mM NaHCO3, 25 mM HEPES,

6 mM glucose and 2.5 mM probenecid (pH 7.4).

Fura-2-loaded cells were maintained at 258C for

90 min before fluorescence measurement. For each

experiment, 0.5 ml aliquot of Fura-2-loaded cells was

equilibrated to 378C in a stirred quartz cuvette.

Fluorescence emission (510 nm) was monitored with

the excitation wavelength cycling between 340 and

380 nm using a Hitachi F4500 fluorescence spectro-

photometer. At the end of an experiment, fluor-

escence maximum and minimum values at each

excitation wavelength were obtained by lysis of cells

with 20mg/ml digitonin (maximum) and then adding

10 mM EGTA (minimum). With the maximum and

minimum values, the 340:380 nm fluorescence ratios

were converted into free Ca2þ concentrations using a

software, F-4500 Intracellular Cation Measurement

System, provided by Hitachi.

RT-PCR

Total cellular RNA was extracted from SH-SY5Y cells

with RNeasy kit (Qiagene, Hilden, Germany). The

production of cDNA was carried out using Ready-to-

go T-primed first strand kit (Amersharm Biosciences,

Buckinghamshire, England), by incubating 5mg of

RNA, following the manufactured instructions. The

polymerase chain reaction was performed with 0.1mg

cDNA using 0.5mM primers listed in Table I in the

presence of 0.5 U Taq DNA polymerase (Promega,

Madison, USA). Table I includes also the annealing

temperature and the number of cycles for each

amplification reaction. The PCR products were

visualized by electrophoresis on a 2% agarose gel

stained with ethidium bromide.

Rac activation assay

SH-SY5Y cells, starved for 24 h by exposing to

DMEM/F12 media containing 1% serum, with or

without glutamate were lysed. Total cellular protein

(150mg) was incubated with 10mg of agarose beads

containing p21-binding domain (PBD) of p21-

activated protein kinase 1 (PAK1), an effector of

activated Rac, for 1 h at 48C. The beads were collected

by centrifugation and washed two times in the lysis

buffer. The beads were resuspended in sample buffer

and boiled for 5 min. Proteins were resolved by SDS-

PAGE using a 15% gel, transferred electrophoretically

and visualized using anti-human Rac antibody and

electrochemoluminescence (ECL) kit. For the posi-

tive control the nonhydrolyzable GTP analog GTPgS

was used according to the manufacturer’s protocol

(Upstate, New York).

Subcellular fractionation and Western blot analysis

The cells were washed twice with ice-cold PBS and

homogenized in a lysis buffer (10 mM HEPES,

10 mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3,

1 mM CaCl2, 0.5 mM MgCl2, 5 mM EDTA, 1 mM

PMSF and protease inhibitor cocktail, Triton X-100).

The lysates were centrifuged at 33,000 g for 5 min at

48C, and supernatant proteins were ultracentrifuged

at 110,000 g for 1 h at 48C. The supernatant contain-

ing cytosolic proteins and pellet containing membrane

protein were separated on 15% SDS-polyacrylamide

gel and transferred to a nitrocellulose membrane at

200 mA for 1 h. After incubation with a polyclonal

antibody against human Rac1 (Santa Cruz Biotech-

nology, Santa Cruz, CA), signals were visualized using

anti-rabbit IgG and an ECL nitrocellulose membrane

(Amersham Biosciences).

Transient transfection assay

Cells at 60% confluence were transiently transfected

with pEXV-myc-N17rac1, pEXVmyc-wtrac1 or

empty pEXV vector with FuGENE6 transfection

Table I. The sequences of sense and anti-sense primers used in reverse transcription polymerase chain reaction (RT-PCR).

Genes (bp product) Annealing temperature (8C) Primer sequence No. of cycles

P67phox (574) 60 50-GGAGTGTGTCTGGAAGCAG-30 45

30-AGTGTGGTAGGGCATGGGAAC

P47phox (241) 60 50-GATCAATCCAGAGAACAGGA-30 40

30-ATCTTTGGGCATCAAGTATG-50

p40phox (380) 57 50-GTCTGGGTGCTGATGGATGA-30 45

30-TCTTCGTAGTAGTAGCAACG-50

Rac1 (348) 62 50-GGATACAGCTGGACAAGAAG-30 45

30-TTTTACAGCACCAATCTCCT-50

p22-phox (317) 64 50-GTTTGTGTGCCTGCTGGAGT-30 45

30-TGGGCGGCTGCTTGATGGT-50

gp91-phox (404) 63.5 50-GCTGTTCAATGCTTGTGGCT-30 45

30-TCTCCTCATCATGGTGCACA-50

GAPDH (450) 58 50-GGTGAAGGTCGGAGTCAACG-30 40

30-CAAAGTTGTCATGGATGACC-50

NADPH oxidase in glutamate-induced apoptosis 1297
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solution (Roche) in a serum free medium for 24 h.

After the medium was changed to fresh full growth

medium, cells were further incubated for 24 h, then,

treated with glutamate. The transfection efficiency

was 21.40 ^ 0.98%, normalized by cotransfection

with pCMVb vector (Clontech).

In order to confirm the transient transfection

efficiency, SH-SY5Y cells were cotransfected with

pCMVb. b-galactosidase activity in transiently trans-

fected SH-SY5Y cells was assayed with b-galactosi-

dase staining kit (Intron Biotechnology, Korea).

Transfected SH-SY5Y cells were fixed for 10 min at

room temperature with glutaraldehyde–formaldehyde

and exposed to a X-Gal staining solution for 3 h. The

transfection efficiency was determined by counting

stained cells under a microscope and expressed as the

percentage of stained cells in the total population.

Data analysis

Data were expressed as means ^ standard error of the

mean (SEM) and were analyzed using one way analysis

of variance (ANOVA) and Student–Newman–Keul’s

test for individual comparisons. P values less than 0.05

were considered statistically significant.

Results

Role of NADPH oxidase in the glutamate-induced

ROS generation and apoptosis in SH-SY5Y human

neuroblastoma cells

Glutamate stimulation of SH-SY5Y human neuro-

blastoma cells induced apoptosis in a concentration-

and time-dependent manner studied by flow cytometry

by determining a loss of phospholipid asymmetry

detected by annexin-V binding and the hypodiploid

DNA content stained with PI as depicted in Figure 1A

and B, respectively. Since glutamate toxicity is largely

mediated through intracellular Ca2þ increase and the

generation of ROS, we examined the effect of a ROS

scavenger on glutamate-induced cell death. As shown in

Figure 2A and B, the level of ROS in glutamate-treated

cells was increased. Furthermore, N-acetylcysteine

(NAC), an antioxidant, significantly blocked the

glutamate-induced cell death as depicted in Figure 2C.

In order to clarify the site of ROS production and its

role in the glutamate-induced cell death, we investi-

gated the effects of various drugs that inhibit the

mitochondrial respiratory chain enzymes or non-

mitochondrial ROS-generating enzymes, on the

glutamate-induced ROS generation and apoptosis.

The effects of glutamate (100 mM) on the ROS level

Figure 1. Glutamate-induced apoptosis of SH-SY5Y cells. In the experiments of (A) the cells were incubated in the absence (control) or in

the presence of glutamate for 48 h. Cells were stained with annexin-V-FLUOS and analyzed by flow cytometry. Note that in the presence of

glutamate there is a shift in annexin-V-FLUOUS fluorescence. This is due to the binding of annexin-V to membrane phospholipids of cells

undergoing apoptosis. Results are representative of four experiments. In the experiments of (B), the cells were incubated with glutamate

(100 mM) for each designated time. The number of apoptotic cells was measured by flow cytometry as described in text. The region to the left

of the Go/G1 peak was defined as cells undergoing apoptosis-associated DNA degradation. In bar graphs, the data represent the mean values of

four replications with bars indicating SEM. *P , 0.05 compared to control.
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and apoptosis in SH-SY5Y cells were not significantly

altered neither by rotenone (10mM), an inhibitor of

the mitochondrial electron transport chain, nor by

allopurinol (100mM), an inhibitor of xanthine

oxidase, implying that these enzymes may not be

actively involved in the glutamate effects (Table II). In

contrast, the glutamate-induced ROS generation was

completely suppressed by inhibitors of the membrane-

bound NADPH oxidase, 5mM DPI, 10mM apocynin

and 100mM neopterine as shown in Figure 3A and B.

Furthermore, the glutamate-induced apoptotic cell

death tested by flow cytometry by determining

hypodiploid DNA content of PI stained nuclei was

also significantly blocked by these inhibitors of the

NADPH oxidase, as depicted in Figure 3C and D.

ROS production by glutamate may also be not

mediated through the NMDA receptor-stimulated

arachdonic acid (AA) release, since indomethacin and

NDGA, inhibitors of AA metabolism, did not

significantly block the glutamate-induced ROS

increase and apoptosis, as shown in Table II. These

results suggest that NADPH oxidase complex may act

as a major source of the glutamate-induced ROS

generation, and it may play a major role in the

glutamate-induced apoptosis in SH-SY5Y cells.

Presence of the NADPH oxidase complex in SH-SY5Y

human neuroblastoma cells. The presence and activity of

the NADPH oxidase complex similar to that found in

neutrophils has been reported in many cell types

including rodent neurons, in which NADPH oxidase

contributes to nerve growth factor-deprived cell death

[28] and ischemic brain injury [29]. However,

neuronal cells derived from human brain have not

been found so far to express this multicomponent

enzyme complex. Thus we verified the presence of

each component of the enzyme in the cells using RT-

PCR method. Activation of the NADPH oxidase

requires assembly of five subunit components, the two

Figure 2. Glutamate increases ROS generation and NAC, an antioxidant, prevents glutamate-induced cell death. The data (A) show

changes in ROS levels as a function of time, which was measured by DCF fluorescence method. The arrow shows the time point for addition of

glutamate (100 mM). In the data (B) results are expressed as fold increase compared to the initial DCF fluorescence intensity. In the

experiments of (C) cells treated for 48 h with or without glutamate were analyzed for viability by MTTassay. NAC (2 mM) were added 30 min

prior to glutamate treatment. Data points represent the mean values of four replications with bars indicating SEM. *P , 0.05 compared to

glutamate alone.

NADPH oxidase in glutamate-induced apoptosis 1299
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subunits of cytochrome b558 (p22phox and gp91phox)

and the cytosolic factors (p40phox, p47phox and

p67phox) at the plasma membrane [12]. As

illustrated in Figure 4, we detected all five mRNAs

encoding the NADPH oxidase components in SH-

SY5Y human neuroblastoma cells. This and the above

results strongly suggest that the NADPH oxidase

complex may be actively involved in the glutamate-

induced ROS generation in the cells.

Glutamate activates and translocates cytosolic Rac

to the plasma membrane in SH-SY5Y cells

The above data further prompted us to investigate

whether stimulation of SH-SY5Y cells with glutamate

results in direct activation of Rac. During recent

years, several mechanisms have been proposed for

the activation of small G proteins, including

guanine nucleotide exchange factors which facilitate

Table II. Effects of various inhibitors of ROS-generating enzymes on the glutamate-induced ROS generation and apoptosis in SH-SY5Y

cells.

[ROS]i (% increase)† % Apoptosis‡

Compound 2glutamate þ glutamate 2glutamate þ glutamate

None 119.4 ^ 8.2 210.6 ^ 53.5* 4.2 ^ 0.6 40.2 ^ 3.2*

Rotenone (10mM) 114.1 ^ 15.7 232.4 ^ 32.1* 8.2 ^ 1.5 44.4 ^ 5.8*

Allopurinol (100mM) 139.9 ^ 13.2 191.1 ^ 32.3* 8.6 ^ 1.3 48.2 ^ 5.3*

Indomethacin (100mM) 137.2 ^ 12.1 216.1 ^ 27.1* 6.4 ^ 2.4 51.7 ^ 6.3*

NDGA (10mM) 123.4 ^ 11.5 201.8 ^ 22.7* 15.6 ^ 2.3 53.2 ^ 7.3*

All data represent the mean values ^ SEM. *P , 0.05 compared to control.
† [ROS]i was measured by DCF fluorescence method, and the values are expressed as percent increase of DCF fluorescence intensity induced

by treatment with or without glutamate (100 mM) for 1 h compared to that of initial time. Each drug was added 10 min before glutamate

treatment. ‡Apoptosis was measured by flow cytometry. In the experiments the cells were incubated with glutamate (100 mM) for 48 h. Each

drug was added 30 min before glutamate treatment.

Figure 3. Effects of NADPH oxidase inhibitors on the ROS generation (A and B) and apoptosis (C and D) induced by glutamate in SH-

SY5Y human neuroblastoma cells. In these experiments DPI (5mM), apocynin (10mM) and neopterine (100mM) were used. These drugs

were given 10 min before glutamate (100 mM) application. The data (A) show changes in ROS levels as a function of time, which was

measured by DCF fluorescence method. The arrow shows the time point for addition of glutamate (100 mM). In the data (B) results are

expressed as fold increase compared to the initial DCF fluorescence intensity. In the experiments of (C and D) the cells were incubated with

glutamate (100 mM) for 48 h. The inhibitors were added 30 min before glutamate treatment. The number of apoptotic cells was measured by

flow cytometry. In bar graphs the data represent the mean values of four replications with bars indicating SEM. *P , 0.05 compared to

control. #P , 0.05 compared to glutamate alone.
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replacement of a GTP for a GDP molecule on the G

proteins [30]. Such factor (e.g. Tiam 1) has been

identified for Rac. However, determination of Rac

activation via Tiam 1 is difficult, because numerous

other exchange factors to activate Rac singly or through

the intermediacy of other G proteins have also been

identified. Therefore, in the present study, we

estimated the degree of glutamate-induced activation

of Rac (i.e. its GTP-bound form) in a pull-down assay

using a PAK, an effecter of activated Rac, binding

method. The data shown in Figure 5A demonstrate a

marked increase in the binding degree of activated Rac

to PAK in lysates of SH-SY5Y following exposure to

glutamate. As a positive control, we used GTP-gS, a

non-hydrolyzable analog of GTP, to facilitate binding

and activation of endogenous Rac in the SH-SY5Y

cells. We observed higher binding of Rac to PAK under

these conditions compared with the glutamate-treated

cell lysates. Our results also revealed stable level of the

expression of total Rac upon glutamate treatment.

Together, these data suggest that glutamate-induced

SH-SY5Y cell death may involve activation of Rac,

presumably via stimulation of GTP/GDP exchange

[31].

Activated Rac (GTP-bound form) subsequently

translocates to the plasma membrane [32], leading to

the activation of the NADPH oxidase complex. In the

next series of experiments, we examined whether

exposure of SH-SY5Y cells to glutamate induces the

membrane translocation of Rac. Glutamate trans-

located cytosolic Rac1 to the plasma membrane,

which was revealed by immunocytochemistry and

confirmed by disappearance of Rac1 protein in the

Figure 4. mRNA expression of NADPH oxidase subunits in SH-

SY5Y human neuroblastoma cells. The expression of each NADPH

oxidase subunit at the mRNA level was detected by performing a

fixed number of PCR cycles, listed in Table I, on 0.1mg cDNA

generated from total RNA isolated from the cells. The PCR

products were visualized by electrophoresis on a 2% agarose gel

stained with ethidium bromide. M: 100 bp DNA ladder size marker.

Figure 5. Glutamate-induced activation and translocation of Rac in the cells. In (A) activated GTP-bound Rac was purified using affinity

binding beads which contain p21-binding domain (PBD) of p21-activated protein kinase 1 (PAK1), an effector of Rac. In the upper blot, the

lysates of SH-SY5Y cells were either loaded with 100mM GTPgS (at 308C for 15 min) or stimulated with 100 mM glutamate for the times

indicated. As evident from the blot in vitro GTPgS protein loading activated much higher percentage of the Rac. The middle blot shows the

total amount of Rac (independent of the activation state) present in an aliquot of the cell lysates before bead addition. The bottom blot

represents GAPDH used as a control for equal loading. The bar graph represent the relative density of the signal. In (B) fractionated cytosolic

and membrane proteins were immunoblotted with Rac1 antibody.

NADPH oxidase in glutamate-induced apoptosis 1301
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cytoplasm and increased Rac1 protein level in the

membrane assessed by Western blot analysis

(Figure 5B). This membrane binding of Rac correlates

with the mechanisms of the activation of the NADPH

oxidase [26], which reinforces the possibility that Rac-

NADPH oxidase signaling pathway may play an

important role in the glutamate-induced generation of

ROS and apoptosis in SH-SY5Y cells.

Transient expression of dominant negative Rac markedly

reduces glutamate-induced cell death

To further confirm that Rac is a key regulatory

protein in glutamate-induced SH-SY5Y cell death,

we studied the effects of glutamate on cell death in

the SH-SY5Y cells transiently expressing a dominant

negative mutant of Rac1 (N17Rac1), wild-type

Rac1 (wtRac1) and the vector alone. As shown in

Figure 6, we found a significant reduction in

glutamate-induced apoptotic cell death in the SH-

SY5Y cells expressing the dominant negative form of

Rac1, which is compatible with the glutamate-

induced Rac-GTP formation and Rac membrane

translocation.

Discussion

Glutamate toxicity has been implicated in many

aspects of brain injury including traumatic, ischemic

and hemorrhagic damage. A salient feature in

glutamate-induced toxicity is the induction of oxi-

dative burst and the subsequent oxidative stress.

Whereas multiple enzymes and processes can con-

tribute to oxidative stress, recent studies indicate that

a multicomponent phagocyte-type NADPH oxidase is

a major source of ROS production in many

nonphagocytic cells, including fibroblasts, vascular

smooth muscle cells, endothelial cells, renal mesangial

cells and tubular cells [22]. Thus in the present study

we targeted one new and potential source of ROS, the

NADPH oxidase complex, in the face of glutamate-

induced neurodegeneration. In the present study, we

detected the presence of NADPH oxidase complex in

human brain-derived neuronal cells. SH-SY5Y cells

used in the current study as a cellular model were

found to express all the components (p22phox,

gp91phox, p40phox, p47phox, p67phox and Rac1/2) of

NADPH oxidase complex (Figure 4). The significant

suppression of the glutamate-induced production of

ROS (Figure 3A and B) by various inhibitors of the

Figure 6. Transfection with a dominant-negative mutant of Rac1 (N17Rac1) reverses the apoptotic effect of glutamate in SH-SY5Y cells.

Cells were transfected with pEXVmycrac1N17, pEXVmyc-rac1WTand empty pEXV vector. Apoptosis was measured at 48 h after glutamate

treatment by flow cytometry the same manner as described in Figure 1. In these experiments 100 mM of glutamate was used. *P , 0.05

compared to vector alone.
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enzyme (DPI, apocynin, neopterin) suggests that the

membrane-bound NADPH oxidase complex may be

actively involved in the production of ROS by

glutamate. Similar results have been found in b-

amyloid-treated glial cells [33]. Based on the known

mechanisms [28], glutamate-induced activation of the

NADPH oxidase may primarily involve Rac-

GDP/GTP exchange. Data from our pull-down

assay for PAK-Rac binding are more supportive for

the glutamate-induced activation (i.e. formation of the

GTP bound form) of Rac in SH-SY5Y cells

(Figure 5A). In confirmation of this, we also showed

that glutamate treatment of SH-SY5Y cells resulted in

the translocation of Rac1 to the plasma membrane

(Figure 5B). Furthermore, we observed a reduction in

the glutamate-induced apoptotic cell death in SH-

SY5Y cells transiently expressing N17Rac1, the

dominant negative mutant of Rac1 (Figure 6). There-

fore, it is very likely that glutamate-induced SH-SY5Y

cell death may involve Rac-NADPH oxidase

activation.

It is known that AA acts as a mediator for promoting

the assembly of phagocytic NADPH oxidase subunits,

triggering out the activation of the complex. AA has

been reported to translocate Rac from cytosol to the

plasma membrane [34] and phosphorylate p47phox by

protein kinase C signaling pathway [35]. We also

tested the effects of inhibitors of AA metabolism

(indomethacin and NDGA) on the glutamate-

induced ROS production. We found that these

inhibitors had no influence (Table II), suggesting

that AA metabolism may not be involved in the

NADPH oxidase-mediated ROS formation induced

by glutamate.

In this study, we did not determine the upstream

mechanism by which glutamate activates the NADPH

oxidase. Since it is known that glutamate toxicity is

mediated through NMDA receptors and that there is

an interaction of NMDA receptor with dopamine

receptor and/or metabotropic glutamate receptors

[25,26], further study is required to unravel the

signaling pathway to the activation of NADPH

oxidase in relation to the glutamate receptors.

In summary, these data provide an evidence that the

glutamate-induced neuronal cell death involves ROS

produced by activation of the plasma membrane-

bound NADPH oxidase complex in SH-SY5Y human

neuroblastoma cells, and that the a small G-protein,

Rac, is a key regulator in this process. Therefore,

modulation of this enzymatic complex could be a

promising step to prevent oxidative stress implicated

in glutamate-toxicity. Possible therapeutic approaches

may include the use of antioxidants and direct

pharmaceutical or genetic manipulation of the

NADPH oxidase.
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