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Protection against glutamate-induced cytotoxicity in C6 glial
cells by thiol antioxidants. Am. J. Physiol. 273 (Regulatory
Integrative Comp. Physiol. 42): R1771-R1778, 1997.—In
many cell lines, glutamate cytotoxicity is known to be medi-
ated by an inhibition of cystine transport. Because glutamate
and cystine share the same transporter, elevated levels of
extracellular glutamate competitively inhibit cystine trans-
port leading to depletion of intracellular glutathione. A gluta-
thione-depleted state impairs cellular antioxidant defenses
resulting in oxidative stress. It was therefore of interest to
investigate whether proglutathione agents, e.g., N-acetylcys-
teine and lipoic acid, are able to protect against glutamate
cytotoxicity. Both lipoic acid (100 uM-1 mM) and N-acetylcys-
teine (100 uM-1 mM) completely protected C6 cells from the
glutamate-induced cell death. Both agents facilitate extracel-
lular supply of cysteine, the reduced form of cystine, that is
transported into the cell by a glutamate-insensitive transport
mechanism. Protection by lipoic acid and N-acetylcysteine
corresponded with a sparing effect on cellular glutathione,
which is usually depleted after glutamate treatment. In the
presence of L-buthionine-(S,R)-sulfoximine, a y-glutamylcys-
teine synthetase inhibitor, low doses (<100 puM) of lipoic acid
and N-acetylcysteine did not protect cells against glutamate-
induced cytotoxicity. At higher concentrations (>500 pM),
however, both lipoic acid and N-acetylcysteine provided par-
tial protection against glutamate cytotoxicity even in glutathi-
one synthesis-arrested cells. These results indicate that at
low concentrations the primary mechanism of protection by
the thiol antioxidants was mediated by their proglutathione
property rather than direct scavenging of reactive oxygen. At
higher concentrations (>500 pM), a GSH-independent direct
antioxidant effect of lipoic acid and N-acetylcysteine was
observed. Dichlorofluorescin fluorescence, a measure of intra-
cellular peroxides, increased sixfold after glutamate treat-
ment of C6 cells. Lipoic acid and N-acetylcysteine treatment
significantly lowered glutamate-induced dichlorofluorescin
fluorescence compared with that of controls. Interestingly,
a-tocopherol (50 pM) also suppressed glutamate-induced
dichlorofluorescin fluorescence, indicating the peroxides de-
tected by dichlorofluorescin were likely lipid hydroperoxides.
Both thiol antioxidants, particularly lipoic acid, appear to
have remarkable therapeutic potential in protecting against
neurological injuries involving glutamate and oxidative stress.

lipoic acid; dihydrolipoic acid; N-acetylcysteine; glutathione;
oxidative stress

ELEVATED LEVELS of extracellular glutamate are respon-
sible for neuronal damage and degeneration in brain
disorders, including stroke, epilepsy, and Parkinson’s
disease (10). In vitro studies have characterized two
major mechanisms of glutamate cytotoxicity: excitotox-
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icity and cystine transport inhibition-related oxidative
stress. Excitotoxicity in mature neurons is mediated
through N-methyl-p-aspartate and other glutamate
receptors (9). Excess glutamate exposure to neurons
leads to membrane depolarization that, if prolonged,
leads to cell death. The oxidative stress pathway of
glutamate cytotoxicity is the end result of simultaneous
inhibition of cystine transport and enhanced genera-
tion of reactive oxygen species (29). Cysteine is the
rate-limiting amino acid substrate for intracellular
glutathione (GSH) synthesis. Because of its redox
instability, almost all of the extracellular cysteine is
present in the oxidized cystine state (11). Thus extracel-
lular cystine is the primary source of intracellular
cysteine necessary for GSH synthesis. Glutamate and
cystine share the same amino acid transporter, the x_
system (3), and therefore compete for transport into
cells. Under conditions of elevated extracellular gluta-
mate levels, cystine transport is inhibited, resulting in
depletion of cellular GSH. Depletion of GSH, the major
cellular antioxidant, results in increased vulnerability
of the cell to oxidative stress (29). Peroxides generated
by lipoxygenase (29) and monoamine oxidase (25) activ-
ity may contribute to oxidative stress that ultimately
leads to the death of GSH-depleted cells.

The induction of oxidative stress by glutamate has
been demonstrated to be the primary cytotoxic mecha-
nism in cell lines, including C6 and PC-12 cells (14, 23),
immature cortical neurons (30), and oligodendroglia
cells (32). Antioxidants such as tocopherol and probucol
(20) are highly effective in protecting these cells from
glutamate cytotoxicity (23, 29, 31). There is growing
evidence that a disruption of intracellular redox homeo-
stasis by glutamate is a major contributing mechanism
of cellular damage in vivo. Cerebral ischemia has been
associated with an 800% increase in extracellular gluta-
mate (5) and a decrease in brain GSH levels (44). In
addition cerebral ischemia is known to be associated
with increased generation of reactive oxygen species,
and antioxidants such as vitamin E have been demon-
strated to have protective effects (6). Elevated levels of
extracellular glutamate are known to be implicated in
neurodegeneration associated with Parkinson’s dis-
ease. Consistently, substantia nigra of patients with
Parkinson’s disease have depleted glutathione levels
(15). Although there is a strong association between
elevated levels of extracellular glutamate and tissue
GSH depletion in vivo, it is not known whether this
GSH depletion is the result of glutamate inhibition of
cystine uptake or the result of enhanced GSH consump-
tion during oxidative stress. Regardless of the cause,
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GSH depletion increases the vulnerability of the cell to
damage in response to both excitotoxicity and oxidative
stress components of glutamate cytotoxicity. Antioxi-
dants, especially pro-GSH agents, may therefore be
expected to be of marked therapeutic value in many
neurological disorders having a glutamate-dependent
pathophysiology (6).

Clinically safe thiol antioxidants such as lipoic acid
(LA) and N-acetylcysteine (NAC) are receiving consider-
able attention primarily because of their efficacy in
enhancing cellular GSH levels and also because of their
direct reactive oxygen-scavenging properties (33, 41).
LA, a disulfide, is enzymatically converted to the
corresponding dithiol dihydrolipoate (DHLA) by cells
(17). LA has been clinically used for the therapeutic
treatment of diabetic polyneuropathies (49). NAC has
been therapeutically used for the treatment of acquired
immunodeficiency syndrome (AIDS; 19), which is asso-
ciated with increased plasma glutamate levels and low
T cell GSH levels (11). Although structurally very
different, both LA and NAC treatments have been
shown to overcome glutamate inhibition of cystine
transport and increase cellular GSH levels in lympho-
cytes (16, 43). Using the C6 glial cells that are known to
be susceptible to glutamate cytotoxicity by the cystine
inhibition-oxidative stress pathway (23), we investi-
gated the protective mechanisms of LA and NAC
against glutamate-induced cytotoxicity.

MATERIAL AND METHODS

Reagents. (R,S)-racemic lipoic acid and racemic dihydroli-
poic acid were provided by ASTA Medica (Frankfurt, Ger-
many). Glutathione, a-tocopherol, N-acetylcysteine, L-glu-
tamic acid, and L-buthionine-(S,R)-sulfoximine (BSO), were
purchased from Sigma Chemical (St. Louis, MO). 2',7'-
Dichlorodihydrofluorescin diacetate (DCFH) was purchased
from Molecular Probes (Eugene, OR). Dulbecco’s modified
Eagle’s medium (DMEM), trypsin-EDTA, and Dulbecco’s phos-
phate-buffered saline (PBS) were obtained from Life Technolo-
gies (Gaithersburg, MD). Fetal bovine serum was obtained
from Gemini (Calabasas, CA). It should be noted that a
change in serum batch from the same manufacturer changed
the concentration of glutamate required to induce cytotoxicity
from 10 to 20 mM. Therefore, all experiments reported here
were carried out with the same batch of serum. Sodium
pyruvate and penicillin-streptomycin were obtained from the
Cell Culture Facility at the University of California (San
Francisco, CA). High-performance liquid chromatography
(HPLC)-grade solvents were purchased from Fisher Scientific
(Fair Lawn, NJ).

Cell culture. C6 glial cells (rat glial tumor cell line) were
purchased from American Type Culture Collection (Rockville,
MD). Three different batches of C6 cells were purchased from
ATCC on three different occasions. At 10 mM, glutamate was
cytotoxic to one batch (F-12612) of cells. All experiments
reported here were carried out with this batch of cells. A
higher (20 mM) concentration of glutamate was required to
achieve comparable cytotoxicity response in another batch
(F-13978) of cells that was obtained later.

C6 cells were routinely grown in DMEM supplemented
with 10% serum and 100 U/ml penicillin-streptomycin at
37°C in a humidified atmosphere containing 95% air-5% CO,.
All experiments were performed under the following protocol:
cells grown to 85-95% confluency were trypsinized and
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subcultivated in culture dishes at a concentration of 0.25 X
108 cells per milliliter. The cells were continually cultured at
37°C in a humidified atmosphere containing 95% air-5% CO,
until the conclusion of the experiments.

Cell treatment. In all the experiments, glutamate, LA,
NAC, and BSO were dissolved in PBS for treatment of cells.
All the solutions were sterilized through a 0.2-um Millipore
(Bedford, MA) filter. Control samples were treated with the
corresponding amount of PBS. a-Tocopherol in ethanol (0.1%
vol/vol final concn) was added directly to the cell culture
medium. The corresponding control was treated with the
same volume of ethanol alone. Glutamate, BSO, LA, NAC, or
a-tocopherol was added to the culture medium during cell
seeding at final concentrations as indicated in the respective
Figs. 1 and 3-8.

Determination of cell viability Cell viability was assayed
using lactate dehydrogenase (LDH) leakage as previously
described by Murphy et al. (29). After the experiments were
completed, culture medium was removed from plates and
centrifuged (500 g X 5 min). The cells that detached from the
monolayer following glutamate treatment were separated by
centrifugation of the growth medium. The supernatant me-
dium was mixed with an equal volume of bovine serum
albumin (BSA) solution (5% in PBS) to help stabilize LDH
activity in the solution for storage at 4°C (12). The pelleted
detached cells were washed once with PBS and treated with a
lysis buffer (Triton X-100 0.5% vol/vol in PBS). The resulting
lysate was mixed with an equal volume of the BSA solution
for storage at 4°C. Attached cells were washed with PBS and
treated with the lysis buffer and BSA solution as described
above for detached cells. LDH activity was measured from the
samples spectophotometrically (40) within 2 days of storage.
Cell viability was determined using the following formula:
viability = attached cell LDH activity/total LDH activity
(medium LDH activity + detached cell LDH activity +
attached cell LDH activity) (29).

HPLC-electrochemical detection of GSH. At the end of the
each experiment, C6 cells were washed with ice-cold PBS,
treated with 2% monochloroacetic acid, and scraped. All the
samples were immediately frozen in liquid nitrogen and
stored at —80°C until HPLC analysis. Immediately before the
assay, samples were thawed, vortexed, and then centrifuged
at 15,000 g for 2 min. The clear supernatant was removed and
injected into the HPLC system.

GSH measurements were performed with an HPLC system
using electrochemical detection with either a BAS (West
Lafayette, IN) amperometric detector (1) or ESA (Chelmsford,
MA) coulometric detector (18). An Alltech (Deerfield, IL)
Altima C-18 (150 mm X 4.6 mm, 5 um pore size) column was
used for GSH separation in both methods. GSH values were
expressed in milligrams of protein. Protein was determined
using the Bio-Rad DC assay kit (Hercules, CA).

Flow cytometric assay of intracellular peroxides. Intracellu-
lar peroxides were detected using DCFH as described by
Cathcart et al. (8). Following treatment and incubation with
glutamate and various antioxidants, cells were washed three
times with PBS. Cells were then detached from monolayer
using trypsin and centrifuged. Cells were again washed with
PBS and centrifuged. The cells were resuspended in PBS and
incubated with DCFH (50 uM) for 30 min at 37°C. Cells were
then excited with a 488-nm ultraviolet line argon ion laser in
a flow cytometer (XL, Coulter, Miami, FL), and the 530-nm
emission was recorded in fluorescence channel 1 (FL1). Data
were collected from 10,000 viable cells.

Data presentation. Results are expressed as means * SD of
at least three independent experiments. Differences were
determined by Student’s t-test and analysis of variance with
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P < 0.05 as the minimum level of significance. Histograms
illustrate typical flow cytometry data of three experiments.

RESULTS

Effect of LA and NAC on C6 GSH levels. LA treat-
ment (>100 puM) significantly (P < 0.01) increased C6
cell GSH levels. At 1 mM concentration and 24-h
treatment time, LA increased C6 cell GSH level to
almost fourfold of the level found in LA nontreated
control cells. NAC, on the other hand, did not influence
cellular GSH levels in either the micromolar or milli-
molar range when administered to C6 cells for 24 h
(Fig. 1).

Time course of GSH depletion and cytotoxicity in
response to glutamate treatment. Treatment of C6 cells
with 10 mM glutamate resulted in a time-dependent
decrease in cell GSH (Fig. 2A) and viability (Fig. 2B).
Excess glutamate was cytotoxic to C6 cells, when added
to cells at or within several hours of passage of conflu-
ent cells. It has been shown (23) that glutamate has a
dose-dependent effect on cell viability with maximum
effect occurring at 10 mM for C6 cells. A similar
cytotoxic dose response of glutamate at 10 mM was
observed in this study (data not shown).

DCF in response to glutamate treatment. Deesterified
DCFH is known to be converted to fluorescent dichloro-
fluorescin (DCF) following reaction with organic and
inorganic hydroperoxides (8). Our flow cytometry data
show that C6 cells incubated with 10 mM glutamate for
18 h had accumulated intracellular peroxides (Fig. 3).
Following 18 h of exposure to elevated levels of gluta-
mate, peroxide build-up was observed in the entire
population, but a subpopulation of cells as shown by the
shoulder on the right (Fig. 3B) had particularly high
DCF fluorescence. Glutamate-induced accumulation of
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Fig. 1. Effect of lipoic acid (LA) and N-acetyl cysteine (NAC) treat-
ment on cellular gluthathione (GSH) levels. C6 cells were incubated
with LA and NAC for 28 h. After incubation, cells were treated with
2% monochloroacetic acid and scraped, and GSH levels were ana-
lyzed by high-performance liquid chromatography (HPLC)-electro-
chemical detection. Glu, 10 mM glutamate. Values are means = SD;
n = 3-5 experiments. *P < 0.01 compared with nontreated control.
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Fig. 2. Time course of cellular GSH depletion and cell cytotoxicity by
Glu. C6 cells were incubated with or without 10 mM Glu for up to
28 h. GSH was measured from acidified cell extract by HPLC-
electrochemical detection. Cellular GSH changes are expressed as %
of nontreated control (A). Cell viability was measured by lactate
dehydrogenase (LDH) release (B). Nontreated controls (®); cells
treated with 10 mM Glu (). n = 3 experiments. *P < 0.05 compared
with 0-h value (A) or Glu-nontreated control (B).

intracellular peroxides was markedly increased in BSO-
treated GSH deficient cells (Fig. 3, B vs. C).

Protection of C6 cells against glutamate cytotoxicity
by thiol antioxidants. Treatment of cells with either LA
or NAC significantly protected cells from glutamate-
induced cytotoxicity in a dose-dependent manner with
a maximum effect being reached around 100 pM for
both thiol antioxidants (Fig. 4, A and B). Similarly,
protection against glutamate cytotoxicity was also evi-
dent in cells treated with a-tocopherol (50 uM). Both LA
and NAC treatment of cells prevented the marked
decline of cellular GSH levels that normally occurs
after glutamate treatment (Fig. 5). Even when chal-
lenged with 10 mM glutamate, 100 uM LA-treated cells
maintained 80% of the resting cellular GSH levels.
NAC treatment (100 pM) was not as effective and could
maintain only 50% of the GSH level found in gluta-
mate-nontreated control cells. Even in the presence of
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dichlorofluorescin fluorescence
Fig. 3. Glutamate (Glu)-induced intracellular peroxide formation.
Shown is dichlorofluorescin (DCF) fluorescence (in arbitrary fluores-
cence units) in C6 cells either not treated (A) or treated (B) with 10
mM Glu for 18 h. C: DCF fluorescence in GSH synthesis-arrested C6
cells that were exposed to 10 mM Glu. After incubation with the
agents indicated, cells were trypsinized, suspended in phosphate-
buffered saline (PBS), and incubated with (DCFH) (50 pM) for 30 min
at 37°C. Fluorescence was read using a Coulter XL flow cytometer.
The protective effect of lipoate (100 uM; D), NAC (100 uM; E), and
vitamin E (50 pM; F) against Glu-induced accumulation of intracellu-
lar peroxides is shown. The ordinate represents relative number of
cellular events collected during measurement shown. Data were
collected from 10,000 gated viable cells.

10 mM glutamate, 1 mM LA increased cell GSH levels
to fourfold of that found in untreated controls cells.

Thiol antioxidant protection against glutamate-
induced cytotoxicity: role of cell glutathione. In the
presence of 200 uM BSO, 100 uM of LA or NAC failed to
protect cells from glutamate cytotoxicity (Fig. 6). How-
ever, at 500 pM NAC could completely protect cells
from glutamate-induced cell death even in the presence
of BSO. Higher concentration of LA (500 uM-1 mM)
protected only 50% of cells from glutamate cytotoxicity
in GSH synthesis-arrested cells. BSO, by itself, had no
effect on cell viability, suggesting that GSH deficiency
alone was not fatal at least for a short time.

The simultaneous treatment of glutamate and BSO
further depleted cell GSH levels to almost undetectable
levels (Fig. 7). In GSH synthesis-arrested cells, LA
treatment did not increase cell GSH. Both LA (500
UM-1 mM) and a-tocopherol (50 uM) protected cells
against glutamate-induced cytotoxicity even when cel-
lular GSH level was 99% depleted. NAC (500 pM-1
mM) treatment spared 10% of the cells’ GSH levels
even in the presence of BSO.

Protection by thiol antioxidants against intracellular
peroxide accumulation. Following 18 h of glutamate
treatment, the time point when cell viability begins to
decline, we examined DCF fluorescence to get an
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indication of cellular oxidant status at a time just
preceding cell death. Glutamate treatment markedly
increased DCF fluorescence compared with correspond-
ing control cells (Figs. 3 and 8). The thiol antioxidants
completely protected cells against glutamate treatment-
dependent oxidant build-up (Fig. 3, D and E). Cells
treated with 1 mM LA, glutamate, and BSO were only
partly (50%) viable, and the viable cells had peroxides
levels intermediate between that of control and gluta-
mate-treated cells. a-Tocopherol treatment also com-
pletely protected against peroxide build-up in gluta-
mate-treated cells (Fig. 3, B vs. F). BSO, which depleted
GSH levels, did not increase cellular DCF fluorescence,
although GSH levels were markedly low. However, cells
treated with both glutamate and BSO had the highest
DCF fluorescence (Fig. 8 and Fig. 3C) and almost
undetectable levels of GSH (Figs. 7 and 8).

DISCUSSION

Mechanism by which thiol antioxidants overcome
glutamate inhibition of cystine transport. The intracel-
lular levels of GSH in most cells are determined by the
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Fig. 4. Protective effects of LA and NAC treatment against Glu
cytotoxicity. C6 cells were treated or not (control) with 10 mM Glu
with or without antioxidants for 28 h. A: effect of LA. B: effect of NAC.
Vit E, 50 uM o-tocopherol. Viability was determined using LDH
analysis. Values are presented as % of total cells and show means +
SD; n = 3-7 experiments. *P < 0.05 compared with Glu treated in
absence of antioxidant.
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Fig. 5. Protective effect of LA and NAC on cellular GSH levels of
Glu-treated cells. C6 cells were treated or not treated (control) with
10 mM Glu with or without antioxidants for 28 h. GSH levels were
determined using HPLC-electrochemical detection. NA, no antioxi-
dant treatment. Values are means = SD; n = 3—7 experiments. *P <
0.05 compared with Glu treated in the absence of antioxidants.

X; system, which mediates cellular import of cystine,
and the ASC system, a neutral amino acid transporter
that mediates the cellular import of cysteine (4). Be-
cause of rapid autooxidation of cysteine to cystine,
almost all of the cyst(e)ine present in biological systems
is oxidized cystine. For example, plasma cysteine-to-
cystine ratio has been estimated to be 1:10 in favor of
the oxidized form (24, 39) while cell culture medium
consists of 100% cystine. The nonavailability of cyste-
ine in culture media leaves cultured cells dependent on
cystine transport for GSH synthesis. Because cystine
and glutamate share the same transport system, eleva-
tion of glutamate level in the plasma or extracellular
fluids will impair cystine transport. This will restrict
cysteine availability within the cell for GSH synthesis
resulting in lower cell GSH and thus increased vulner-
ability of the cell to oxidative stress. Glutamate inhibi-
tion of cystine transport has been proposed to be
involved in disorders such as cerebral ischemia (29)
and AIDS (11).

One strategy to overcome the adverse effect of high
glutamate on cell GSH metabolism is to improve the
bioavailability of cysteine. Cysteine uptake by cells is
not glutamate sensitive, and therefore this strategy
should help normalize GSH biosynthesis even in the
presence of elevated levels of extracellular glutamate.
LA administered to cells is known to be rapidly reduced
intracellularly to DHLA at the expense of cellular-
reducing equivalents, and DHLA is released into the
medium (17, 38). DHLA is a strong reducing agent with
a standard reduction potential of —320 mV and can
chemically reduce extracellular cystine to cysteine. As a
result, even in the presence of elevated levels of extra-
cellular glutamate, cysteine supply for GSH synthesis
inside the cell is restored (16, 43). NAC treatment, on
the other hand, is believed to be transported into cells
and deacetylated to form cysteine (45). There is also
evidence that NAC may form mixed disulfides with
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cysteine that are transported into cells by several
amino acid transporters (22, 37). Both LA and NAC
treatment can thus bypass glutamate inhibition of
cystine transport by improving cysteine bioavailability
within the cell and therefore have remarkable therapeu-
tic potential (41).

Thiol antioxidant protection against glutamate-
induced cytotoxicity. Both LA and NAC treatment
enhanced cellular GSH levels and clearly protected C6
cells from glutamate-induced cytotoxicity. Treatment of
100 pM of LA or NAC to cells could not completely
restore cellular GSH levels, with LA maintaining 80%
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Fig. 6. Protective effects of LA and NAC against Glu cytotoxicity in
the presence of L-buthionine-(S,R)-sulfoximine (BSO). C6 cells were
treated with 10 mM Glu and 200 uM BSO with or without antioxi-
dants for 28 h. The control data are from cells that were treated with
neither Glu nor BSO. Cell viability was determined by LDH analysis.
Values are means + SD; n = 3-7 experiments. *P < 0.05 compared
with Glu- and BSO-treated cells in the absence of antioxidants. A:
effect of LA, B: effect of NAC.
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and NAC maintaining only 50% of the level of GSH
found in glutamate nontreated control cells. Uhlig and
Wendel (47) have suggested that a drop in cellular GSH
to ~10% of normal levels should not affect cellular
function and integrity significantly. So although LA or
NAC pretreatment did not restore GSH levels com-
pletely, both thiol agents helped sustain high enough
levels of GSH to maintain antioxidant defense even in
the presence of glutamate. The observation that a low
micromolar dose (100 uM) of LA or NAC could not
protect cells from glutamate cytotoxicity in the pres-
ence of BSO indicates that at low concentrations the
primary mechanism for the protection provided by LA
and NAC is dependent on the ability of these thiol
antioxidants to favorably influence cellular GSH me-
tabolism. At higher doses (=500 uM), both LAand NAC
protected against glutamate cytotoxicity even in GSH
synthesis-arrested cells, suggesting that the effects at
these concentrations were independent of the pro-GSH
properties of LA and NAC. Previously, transcription
regulatory effects of both LA (42) and NAC (48) have
been observed to be independent of the pro-GSH proper-
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Fig. 8. Protective effect of antioxidants on Glu-induced intracellular
peroxide accumulation. C6 cells were treated with compounds as
indicated for 18 h. After treatment, cells were trypsinized, dissolved
in PBS, and incubated with DCFH (50 uM) for 30 min at 37°C.
Fluorescence was read using a Coulter flow cytometer. Values are
means * SD; n = 3-5 experiments. *P < 0.01 higher compared with
Glu nontreated control (open bar); TP < 0.01 higher compared with
Glu; #P < 0.01 lower compared with Glu. BSO, 200 pM; Vit E, 50 uM
a-tocopherol.
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ties of these compounds. The protective effects of high
concentrations of LA and NAC against glutamate cyto-
toxicity even in BSO-treated cells is of mechanistic
interest but may have little physiological relevance
because such high concentrations are unlikely to be
achieved in tissue after supplementation of these agents.
Pharmaceutical studies have shown that LA given
orally to rats may reach up to 70 uM in plasma (36),
although a human oral study reported less (46). NAC
oral studies reveal that up to 25 pM can be seen in
human plasma after oral intake (21).

Glutamate-induced peroxide accumulation. Several
researchers have used DCF fluorescence to determine
intracellular peroxide levels after glutamate treatment
(29). In this work, a similar DCF increase was observed
in cells treated with glutamate. The build-up of intracel-
lular peroxides after glutamate treatment may be
associated with the simultaneous GSH depletion within
the cell. Under normal conditions, GSH peroxidase,
using GSH as substrate, effectively decomposes both
organic and inorganic peroxides in cells (13). However,
severe depletion of cellular GSH stores, as observed
following glutamate treatment, may impair GSH peroxi-
dase function and result in peroxide build-up. Thus
glutamate-induced peroxide accumulation inside the
cell was markedly increased in GSH synthesis-arrested
cells. The peroxides detected by DCF fluorescence in
glutamate-treated cells were likely lipid peroxides be-
cause o-tocopherol treatment was able to alleviate
glutamate-enhanced DCF fluorescence. There is little
evidence and possibility that a lipophilic antioxidant
such as a-tocopherol would scavenge high levels of
aqueous hydrogen peroxide, whereas there is strong
evidence that a-tocopherol is highly effective in termi-
nating lipid peroxidation reactions. Our hypothesis is
supported by a recent observation (31) that glutamate
treatment of PC-12 cells induced lipid peroxidation.
Given the catalytic nature of lipid hydroperoxides, if
GSH peroxidase cannot function to remove a small
amount of peroxides, the potential generation of fur-
ther lipid peroxidation is greatly increased especially in
the presence of iron. The impairment of GSH peroxidase-
dependent metabolism of hydroperoxides due to lack of
GSH may be a key aspect of glutamate cytotoxicity. The
thiol antioxidants thus counteracted and alleviated the
build-up of intracellular peroxides in response to gluta-
mate treatment by ensuring adequate substrate supply
for glutathione peroxidase function. This protective
effect of thiol antioxidants may be a sum of their effects
in preventing glutamate-induced loss of cellular GSH
and direct reactive oxygen-scavenging properties. High
levels of thiol antioxidants were able to suppress gluta-
mate-induced increase in DCF fluorescence even in
BSO-treated GSH-deficient cells. This may be the
result of intracellular NAC and DHLA decomposing
peroxides both enzymatically (26) and nonenzymati-
cally (2, 34).

Perspectives

Elevated levels of glutamate have been implicated in
a wide range of neurological diseases, including epi-
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lepsy, cerebral ischemia, Huntington's disease, and
Parkinson’s disease. Receptor-mediated glutamate exci-
totoxicity is believed to be a major mechanism of
damage in these pathologies (10). Consequently, treat-
ment for many glutamate-associated neurological disor-
ders has focused on glutamate receptor biology. Al-
though the cystine inhibition-oxidative stress pathway
requires 100 times more glutamate than the receptor-
mediated excitotoxicity pathway of glutamate-induced
cell death, GSH depletion should not be ruled out as a
contributing mechanism underlying glutamate-related
neurological damage. The observations that GSH is
depleted in certain regions of the brain after cerebral
ischemia (35) and in Parkinson’s disease (15) lend
support to this idea. Enhancement of tissue GSH by
proglutathione drugs may therefore be expected to be of
therapeutic value. However, GSH modulation in the
brain is complicated by the fact that the blood-brain
barrier can obstruct the passage of a number of drugs. A
NAC tracer study detected radiolabeled NAC in all
areas of the body except the central nervous system
(27). LA, on the other hand, has not only been reported
to cross the blood-brain barrier (35), but also has been
shown to increase GSH in certain areas of rat brains
after intravenous injection. In addition, LA treatment
has been shown in two cerebral ischemia models to
protect against reperfusion injury and GSH depletion
in the brain (7, 35). Another intriguing aspect of LA has
been reported by Muller and Krieglstein (28), who
showed that pretreatment of 1 uM LA can protect chick
neurons from excitotoxicity induced by glutamate treat-
ment. Our work and the work by Muller and Kriegl-
stein demonstrate that LA can protect cells from both
excitotoxicity and cystine-inhibtion oxidative stress
aspects of glutamate. The complete protection of LA
against glutamate cytotoxicity observed in this study
may explain the remarkable efficacy of LA in protecting
rats against cerebral ischemia injury as reported be-
fore. In view of the above-mentioned properties of LA, it
may be concluded that LA has remarkable therapeutic
potential in protecting against neurological injuries
involving glutamate and oxidative stress.
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