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Antioxidant therapy has been shown to be beneficial 
in neurological disorders including Alzheimer's dis- 
ease and cerebral ischemia. Glutamate-induced cyto- 
toxicity in HT-4 neuronal ceils has been previously 
demonstrated to be due to oxidative stress caused by 
depletion of cellular glutathione (GSH). The present 
study demonstrates that a wide variety of antioxidants 
inhibit glutamate-induced cytotoxicity in HT-4 neuro- 
nal cells. Low concentrations of c~-tocopherol and its 
analogs were highly effective in protecting neuronal 
cells against cytotoxicity. Purified flavonoids and 
herbal extracts of Gingko biloba (EGb 761) and French 
maritime pine bark (Pycnogenol ®) were also effective. 
We have previously shown that pro-glutathione agents 
can spare GSH and protect cells from glutamate 
insult in a C6 glial cell model. The protective effects of 
nonthiol-based antioxidants tested in the HT-4 line 
were not mediated via GSH level modulation. In con- 
trast, protective effects of thiol-based pro-glutathione 
agents c~-lipoic acid (LA) and N-acetyl cysteine (NAC) 
corresponded with a sparing effect on GSH levels in 
glutamate-treated HT-4 cells. Glutamate-induced cyto- 
toxicity in HT-4 cells is a useful model system for testing 
compounds or mixtures for antioxidant activity. 

Keywords: Oxidative stress, neurodegeneration, antioxidant, 
Ginkgo biloba, Pycnogenol ®, glutathione 

I N T R O D U C T I O N  

Oxidat ive  stress has  been  implicated in n u m e r o u s  
neurological  disorders,  including Parkinson 's  
and  Alzhe imer ' s  disease and  cerebral ischemia. [1] 

Although the exact mechan i sms  of oxidative 
d a m a g e  are not comple te ly  characterized,  the 

evidence suggests  that  ant ioxidant  t rea tment  
m a y  have therapeut ic  potent ial  in neurodegen-  
erative disorders.  Cerebral  ischemia studies have  
demons t ra ted  that  ant ioxidants  such as oMipoic 
acid (LA) [21 and  superoxide  d i smutase  Lgl p rov ide  

protect ion against  brain injury. Supplementa t ion  
with  v i tamin  E [41 or Ginkgo biloba extract (EGb 
761) I51 has been shown  to delay the progress ion of 

Alzhe imer ' s  disease. The free radical spin trap, 
phenyl -N- t -buty ln i t rone  (PBN) has been  shown 

* Corresponding author. Fax: 510 642 8313. E-mail: packer@socrates.berkeley.edu. 
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116 M.S. KOBAYASHI et al. 

to delay the age-related accumulation of oxi- 
dized protein in gerbil brains. M Taken together, 
the evidence suggests that antioxidant treatment 
may have therapeutic potential in neurodegen- 
erative disorders. 

In vitro studies with cultured neurons have 
demonstrated that antioxidants provide protec- 
tion against various cytotoxic agents, such as 
glutamate. Although glutamate is a neurotrans- 
mitter, elevated levels are associated with several 
neurological disorders, and can lead to rapid cell 
death. [1] In neurons expressing glutamate recep- 
tors (NMDA, kainate, and AMPA receptors), glu- 
tamate treatment leads to a hyperstimulation of 
the glutamate receptors, and cells die by "excito- 
toxicity', t71 Treatment of neurons with antioxi- 
dants such as vitamin E ~8~ or LA {91 has been shown 
to decrease excitotoxic death. In neuronal cells 
lacking glutamate receptors (immature cortical 
neurons, HT-4, C6, PC12, HT-22, and oligoden- 
droglia), glutamate treatment has been shown 
to inhibit cystine transport, causing glutathione 
(GSH) depletion and ultimately cell death. [1°-14I 
Since GSH is a major cellular antioxidant, its 
depletion can leave cells more vulnerable to 
reactive oxygen species. Exogenously adminis- 
tered antioxidants such as LA L151 and vitamin E ~°~ 
completely prevent this nonreceptor-mediated 
glutamate-induced cytotoxicity. 

The efficacy of antioxidants such as LA and 
vitamin E in completely inhibiting nonreceptor- 
mediated glutamate-induced cytotoxicity may 
be primarily because oxidative stress, possibly 
lipid peroxidation, is a central event leading 
to cytotoxicity. Due to depletion of cellular GSH 
by glutamate, neuronal cells become more vul- 
nerable to oxidative damage, leading to cell 
death. Previously, we demonstrated that thiol- 
based antioxidants, such as LA, protect C6 glial 
cells from glutamate-induced cytotoxicity by 
modulating cellular GSH levels. I~51 The protective 
effect of vitamin E, on the other hand, may be 
mediated through its ability to inhibit lipid 
peroxidation. In the present study, the ability of 
a wide variety of antioxidants, such as tocopherol 

and its analogs, flavonoids (quercetin and rutin), 
thiol-based antioxidants, and herbal extracts 
(EGb 761 and Pycnogenol ®) to protect neuronal 
cells against glutamate-induced cytotoxicity 
was evaluated. 

MATERIALS AND METHODS 

Reagents 

c~-Tocopherol, the flavonoids quercetin and rutin, 
butylated hydroxytoluene (BHT), GSH, N-acetyl 
cysteine (NAC), bovine serum albumin (BSA), 
lactate dehydrogenase (LDH) activity assay kit, 
and desferrioxamine mesylate were purchased 
from Sigma Chemical Co. (St. Louis, MO). Ginkgo 
biloba extract (EGb 761) was obtained as a gift from 
the IPSEN Institute (Paris, France) and French 
maritime pine bark extract (Pycnogenol ®) ob- 
tained as a gift from Horphag Research (Geneva). 
LA was provided by ASTA Medica (Frankfurt, 
Germany). Trolox was purchased from Aldrich 
(Milwauke, WI). Dulbecco's Modified Eagle's 
Medium (DMEM), trypsin-EDTA and Dulbecco's 
Phosphate Buffer Saline without calcium or 
magnesium, pH 7.4 (PBS) were obtained from 
Life Technologies (Gaithersburg, MD). Fetal bo- 
vine serum (FBS) was obtained from Gemini 
(Calabasas, CA). Sodium pyruvate and penicil- 
lin-streptomycin were obtained from UCSF Cell 
Culture Facility (San Francisco, CA). HPLC-grade 
solvents were purchased from Fisher Scientific 
(Fair Lawn, NJ). L-glutamate (sodium salt) 
was purchased from Sigma, and glutamate 
(HC1) was purchased from RBI (Natick, MA). 
Both forms of glutamate exhibited similar effects 
in all experiments. 

Cells and Cell Culture 

HT-4 cells (rat hippocampal cell line) were 
obtained as a gift from Dr. Daniel Koshland, 
University of California, Berkeley, CA, USA. In 
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ANTIOXIDANTS AND GLUTAMATE-INDUCED CYTOTOXICITY 117 

previous work where glutamate-induced cyto- 
toxicity experiments were conducted with C6 
cells, it was observed that C6 cell death was 
greatly influenced by the type of serum used. [151 
HT-4 cells were found to be less affected by serum 
type and thus more favorable for glutamate- 
induced cytotoxicity studies. Maher and Davis 
have further subcloned HT-4 cells (HT-22), which 
have also been widely used in glutamate-induced 
cytotoxicity studies. C131 HT-4 cells were routinely 
grown in DMEM supplemented with 10% FBS 
and 100 units/ml penicillin-streptomycin at 37°C 
in a humidified atmosphere containing 95% air 
and 5% CO> 

All experiments were performed in triplicate 
using the following protocol: cells at 75-90% 
confluency were trypsinized, and subcultivated 
in culture plates (80,000 cells/ml). After 24 h, the 
medium was changed and cells were treated with 
glutamate and other agents simultaneously. Sub- 
stances were added and dissolved in the approp- 
riate vehicle; flavonoids and herbal extracts in 
DMSO, trolox, ascorbate, BHT, NAC and lipoate 
in PBS and c~-tocopherol in ethanol. The cells 
were continually cultured at 37°C in a humidi- 
fied air containing 5% CO2 until the conclusion of 
experiments. 

Cell Viability 

Cell viability was assayed by measuring LDH 
leakage as previously described by Murphy 
et al. ~°j After the completion of the experiments, 
culture medium was removed from plates and 
centrifuged (500g, 5 min). The detached cells were 
separated from medium, and 0.5 ml of the med- 
ium was mixed with 0.5 ml of BSA (5% w/v  in 
PBS) for storage. Detached cells were washed 
once with PBS, centrifuged, and mixed with 0.5 ml 
Triton X-100 (0.5% v/v  in PBS) and 0.5 ml of BSA 
(5% w/v  in PBS). Attached cells were washed 
with PBS and lysed with 0.5 ml 0.5% Triton X-100 
and mixed with 0.5 ml of BSA (5% w/v  in PBS) 
for storage. LDH activity was measured spectro- 
photometrically ~161 using an LDH activity assay 

kit within one day of harvesting. Viability was 
determined by the following formula: viabi- 
lity = LDH activity of attached cells/Total LDH 
activity (medium LDH activity+detached cell 
LDH activity + attached cell LDH activity). De- 
tached cell LDH activity was found to be negli- 
gible in all cases. Values shown in figures are 
mean ± standard deviation. 

HPLC Determination of GSH 

At the end of experiments, HT-4 cells were 
washed with ice cold PBS, treated with 2% 
monochloroacetic acid (w/v in water) or 5% 
m-phosphoric acid (w/v in water) and scraped. 
All the samples were immediately frozen in liq- 
uid nitrogen and stored at -80°C until HPLC 
analysis. Immediately before measurement, sam- 
ples were thawed, vortexed, then centrifuged at 
16,000g for 3 min at +4°C. 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) ampero- 
metric detector (2% monochloroacetic acid ex- 
tract) L17I or ESA (Chelmsford, MA) coulometric 
detector (5% m-phosphoric acid extract). Elsl An 
Alltech (Deerfield, IL) Altima C-18 (150mm x 
4.6mm, 5 gm particle size) column was used 
for GSH separation in both methods. GSH 
values were expressed as nanomoles per milli- 
gram of protein. Precipitated protein was re- 
solubilized in 0.2 N NaOH, and protein values 
were determined using the Biorad DC protein 
assay kit (Hercules, CA). 

Malondialdehyde (MDA) Determination 

Malondialdehyde (MDA) levels were measured 
by a fluorescent HPLC method. The use of HPLC 
allows for the specific detection of an MDA-TBA 
complex, and thus avoids nonspecific results that 
can be obtained by standard TBA testsJ 191 MDA 
measurements were performed based on the 
method described previously by Wong eta / .  E2°1 
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118 M.S. KOBAYASHI et al. 

After treatment, culture medium was removed 
from cells and discarded. The cells were scraped 
in a 1% (w/v) BHT solution in methanol and PBS 
(1:1, v/v). TBA (50mM) and phosphoric acid 
(2 mM) were added and the samples were heated 
at 90°C for I h. The samples were then neutralized 
(1:1, v/v) with NaOH dissolved in a mixture of 
water and methanol (1 : 10, v/v) and centrifuged 
at 16,000g for 3 min. The supernatant was injected 
into the HPLC system. An Alltech (Deerfield, IL) 
Altima C-18 (150mmx4.6mm,  5~tm particle 
size) column was used for sample separation 
using a mobile phase consisting of 50 mM sodium 
phosphate buffer (pH 6.8) and ethanol (60:40, 
v/v). An excitation wavelength of 525 nm was 
used, and emission recorded at 550 nm. 
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FIGURE 1 Glutamate-induced cytotoxicity is characterized 
by loss of cell viability, HT-4 ceils were treated with (0 )  or 
without ( I )  glutamate (10mM). *P<0.05 compared with 
the control cells not treated with glutamate. 

Data Presentation 

Results are expressed as mean ± SD of at least 
three independent experiments. Differences were 
determined by Student's t-test and analysis of 
variance with P < 0.05 as the minimum level of 
significance. 

RESULTS 

Glutamate-Induced Cytotoxicity in HT-4 
Neuronal Cells 

Treatment of HT-4 cells with 10mM glutamate 
resulted in cell death within 12 h (Figure 1). At 8 h, 
the time before most cell death occurs, GSH levels 
were observed to be decreased to less than 20% of 
that of control (Figure 7) and MDA levels, a mea- 
sure of lipid peroxidation, increased two-fold 
(data not shown). These results demonstrate that 
oxidative stress and GSH depletion preceded cell 
death. 

Tocopherol Derivatives Protect HT-4 Cells 
from Glutamate-Induced Cytotoxicity 

Treatment of HT-4 cells with various tocoph- 
erol analogs completely protected cells against 

glutamate-induced cytotoxicity. At 5 gM concen- 
trations, ~-tocopherol, fl-tocopherol and penta- 
methylchromane (PMC) completely protected 
HT-4 cells against glutamate-induced cytotoxi- 
city, whereas a concentration of 50 gM was re- 
quired for protection by trolox (Figure 2). A dose 
comparison between the lipophilic tocopherols 
and their water-soluble counterpart trolox 
demonstrates that the lipophilic analogs were 
effective at much lower doses compared to the 
water-soluble analog trolox (Figure 2). At a con- 
centration of I gM, ~-tocopherol protected cells 
almost completely, whereas trolox provided no 
significant protective effects. 

Flavonoids Protect against Glutamate- 
Induced Cytotoxicity 

Flavonoids are important phytonutrients with 
strong antioxidant activity. Figure 3 demonstrates 
that the flavonoids tested, rutin and quercetin, 
protected HT-4 cells from glutamate-induced cy- 
totoxicity. Protection by flavonoids was achieved 
at concentrations higher than those needed for 
protection conferred by tocopherol and its ana- 
logs. Rutin provided partial protection from 
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FIGURE 3 Flavonoids protect HT-4 neuronal cells against 
glutamate-induced cytotoxicity: Conditions were the same 
as in Figure 2. Control, no glutamate; NT, no antioxidant 
treatment; open bars, rutin; cross-hatched bars, quercetin; 
horizontal stripe bars, flavone. Values are shown as mean-c 
SD. *P < 0.05 compared with glutamate-treated cells. 
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FIGURE 2 a-Tocopherol and tocopherol analogs protect 
HT-4 cells against glutamate-induced cytotoxicity. HT-4 
cells were treated with glutamate (10mM) with or without 
antioxidants for 12h. (A) Minimum doses for tocopherol 
analogs that conferred complete protection. Control, no glu- 
tamate; NT, no antioxidant treatment. (B) Dose comparison 
of lipophilic a-tocopherol and the hydrophilic analog tro- 
fox. Control, no glutamate; NT, no antioxidant treatment; 
solid bars, trolox; open bars, a-tocopherol. *P < 0.05 com- 
pared with glutamate-treated cells. 

cytotoxicity,  and  at a concent ra t ion  of  100 gM, 80% 

of cells ( c o m p a r e d  to control  cells no t  t reated wi th  

g lu tamate)  r e m a i n e d  viable. Querce t in  and  fla- 

v o n e  pro tec ted  cells comple te ly  at a concen t ra t ion  

of  100 gM (Figure  3). 

H e r b a l  Extracts Protect  a g a i n s t  G l u t a m a t e -  

I n d u c e d  C y t o t o x i c i t y  

EGb 761 and  P y c n o g e n o l  ® are two  c o m m o n  her-  

bal  extracts u sed  as nut r i t ional  s u p p l e m e n t s  as 

well  as for med ica l  purposes .  Since bo th  extracts 

are k n o w n  to have  an t iox idan t  capacity,  their  

abili ty to pro tec t  g lu t ama te -cha l l enged  HT-4 cells 

was  of interest. Both  EGb 761 and  P y c n o g e n o l  ® 

pro tec ted  cells agains t  g l u t a m a t e - i n d u c e d  cyto-  

toxici ty in a d o s e - d e p e n d e n t  m a n n e r  (Figure  4). 

At  a concen t ra t ion  of  1 0 0 g g / m l ,  P y c n o g e n o l  ® 

p r o v i d e d  91% protect ion,  whi le  EGb 761 p r o v i d e d  

83% pro tec t ion  at this concent ra t ion ,  in c o m p a r -  

ison to control  cells. 

Protec t ive  A c t i o n s  o f  O t h e r  Free R a d i c a l  

S c a v e n g e r s  

In  add i t ion  to tocophero l  der iva t ives  and  biofla- 

vonoids ,  o ther  c o m m o n  an t iox idan ts  were  tested 

for their  pro tec t ive  effects agains t  g lu tamate -  

i n d u c e d  cytotoxic i ty  in HT-4 cells. Ascorbic  acid 

on ly  p r o v i d e d  part ial  p ro tec t ion  to cells, wi th  42% 

of cells r ema in ing  viable us ing  200 gM ascorbate.  

BHT and  the i ron chelator  des fe r r ioxamine  m e s y -  

late were  h igh ly  effective in p ro tec t ing  HT-4 cells, 
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lOO 
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FIGURE 4 Herbal  extracts protect against glutamate- 
induced cytotoxicity. Condit ions were the same as in 
Figure 2. Control, no glutamate; NT, no antioxidant treat- 
ment; open bars, Pycnogenol®; solid bars, EGb 761. Values 
are shown as m e a n ± S D .  *P<0.05 compared  wi th  gluta- 
mate-treated cells. 

with 10~tM BHT and 50pM desferrioxamine 
mesylate conferring complete protection against 
the glutamate challenge (Figure 5). 

Thiol-Based Antioxidants Protect HT-4 
Cells against Glutamate-Induced 
Cytotoxicity 

Previously, we demonstrated that thiol-based 
antioxidants (LA and NAC) protect C6 glial cells 
from glutamate-induced cytotoxicity. In glu- 
tamate-treated HT-4 neuronal cells, we observed 
a similar cytoprotective effect at concentrations of 
100 pM for both LA and NAC (Figure 6). Because 
the reduced form of c~-lipoic acid, dihydrolipoic 
acid (DHLA), is thought to be involved in protec- 
tion against glutamate, the effects of a 12 h pre- 
treatment with LA in glutamate-challenged HT-4 
cells was tested. Pretreatment with 50 pM LA pro- 
vided full protection against glutamate-induced 
cytotoxicity, while pretreatment with 25 ~tM LA 
provided protective effects similar to 100 pM LA 
added simultaneously with glutamate. 

100 

8O 

u m 60. 
L .  

.~ 4o 
° - -  

N 2O 
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I.- 

N m "~ 

0 
0 

FIGURE 5 Protective effects of butylated hydroxytoluene 
and desferrioxamine. Condit ions were same as in Figure 2. 
Control, no glutamate; NT, no antioxidant treatment; des, 
desferrioxamine mesylate; BHT, butylated hydroxytoluene.  
Values are shown as mean ± SD. *P < 0.05 compared with 
glutamate-treated cells. 
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FIGURE 6 Thiol-based antioxidants protect HT-4 cells 
against glutamate-induced cytotoxicity. LA-pretreated HT-4 
cells were treated with LA for 12h prior to glutamate addi-  
tion. HT-4 cells were treated with glutamate (10mM) with 
or without  antioxidants for 12h. Control, no glutamate; 
NT, no antioxidant treatment; open bars, 12 h pretreatment  
with LA prior to glutamate addition. Values are shown as 
mean ± SD. *P < 0.05 compared  with glutamate-treated 
cells. 
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ANTIOXIDANTS AND GLUTAMATE-INDUCED CYTOTOXICITY 1 2 1  

Nonthiol-Based Antioxidant Protection is 
not Mediated by Modulation of Cellular 
Glutathione 

It has been previously demonstrated that thiol- 
based antioxidants protect cells from glutamate- 
induced cytotoxicity and prevent the loss of 
cellular GSH levels. To determine if the antioxi- 
dants tested in this investigation also modulated 
GSH levels, HPLC measurements were per- 
formed (Figure 7). At concentrations sufficient 
to provide protective effects, antioxidants were 
ineffective in maintaining cellular GSH levels in 
glutamate-challenged HT-4 cells. 

levels in the C6 glial cell line. To determine if this 
phenomenon occurs in HT-4 cells, HPLC mea- 
surements were performed. LA and NAC added 
simultaneously with glutamate significantly en- 
hanced cellular GSH levels compared to glu- 
tamate-only-treated cells. Pretreatment with 
50 gM LA significantly enhanced cellular GSH 
levels, restoring GSH to levels similar to the 
100gM LA simultaneous treatment, and 25 gM 
LA pretreatment tended to increase cellular GSH, 
although not significantly (Figure 7). 

DISCUSSION 

Thiol-Based Antioxidants Enhance 
Cellular GSH Levels 

The thiol-based antioxidants LA and NAC have 
been previously shown to modulate cellular GSH 

60 
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FIGURE 7 Antioxidant protection modulation of cellular 
GSH levels. HT-4 cells were treated with glutamate 
(10mM) with or without antioxidants for 8h. Control, no 
glutamate; NT, no antioxidant treatment; open bars, 12h 
pretreatment with LA prior to glutamate addition. Values 
are shown as mean~-SD. *P<0.05 compared with glu- 
tamate-treated cells. 

There is mounting evidence that free radicals and 
oxidative damage are involved in a number of 
neurodegenerative diseases, and that antioxidant 
therapy is beneficial. I1 6,21] Cell culture models of 
neurodegeneration have demonstrated that anti- 
oxidant administration protects neuronal cells 
from glutamate challenge, hypoxia, and various 
other toxins. [11 Glutamate-induced cytotoxicity 
has been used as a model system to study neuro- 
degeneration due to oxidative stress. ~1°1 Cellular 
GSH depletion, coupled with oxidative stress, is 
possibly involved in neurodegeneration of dopa- 
minergic neurons in patients suffering from 
Parkinson's disease. [271 In this system, cell death 
is a result of oxidative stress coupled with cellular 
GSH depletion due to a glutamate-mediated in- 
hibition of cystine transport. Antioxidants such 
as lipoic acid ~151 and vitamin E [1°1 have been 

proven to inhibit glutamate-induced cytotoxicity 
in various ceil lines. In the present work we 
demonstrate that many compounds that have 
antioxidant activity protect HT-4 cells from 
glutamate-induced cytotoxicity, c~-Tocopherol, 
its analogues, and flavonoids were all effective 
in protecting cells from the glutamate challenge. 

While a wide range of antioxidants could 
protect cells from glutamate-induced cytotoxicity, 
the doses required to protect HT-4 cells against 
glutamate insult varied for each antioxidant. In 
this model system concentrations of antioxidants 
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122 M.S. KOBAYASHIetal. 

used may not be optimal or be directly extrapo- 
lated to the in vivo situation. Lipophilic antioxi- 
dants were more effective than the water-soluble 
antioxidants, consistent with our previous pre- 
liminary observations. [22j At low concentrations 
(5 pM) oe-tocopherol had a protective effect while 
at similar concentrations trolox did not protect 
cells against glutamate challenge. 

The greater protective effects of lipid-soluble 
antioxidants compared to that of the water- 
soluble counterparts are probably due mainly to 
two factors: (i) a greater ability of lipid-soluble 
antioxidants to permeate membranes, leading to 
increased uptake by cells, and (ii) the potential of 
a greater ability to scavenge lipid radicals. MDA 
levels were observed to be elevated in glutamate- 
challenged cells, and lipid peroxidation may 
be crucial in mediating cell death. ~23] These two 
factors are likely to be the most critical determi- 
nants for effective concentrations of antioxidants 
required to protect cells against glutamate- 
induced cytotoxicity in HT-4 cells. 

Herbal extracts such as EGb 761 and Pycno- 
genol ® are rich in polyphenols and have been 
shown to have potent antioxidant activity. [24'25] 
EGb 761 has been shown to protect brain neurons 
from ischemia, and the protective action of this 
extract has been attributed to its high flavonoid 
content. [26] Both EGb 761 and Pycnogenol ® 
protected HT-4 cells from glutamate-induced 
cytotoxicity. Although alterations in signal trans- 
duction processes such as calcium modulation [1°1 
may be involved, the fact that both extracts can 
protect HT-4 cells from glutamate challenge 
supports the notion that these herbal extracts 
possess effective antioxidant capacities. 

We have previously reported that the thiol- 
based antioxidants LA and NAC can protect C6 
glial cells from glutamate-induced cytotoxicity. A 
similar protective effect was observed in the HT-4 
neuronal cell line. LA administered to cells is 
known to be rapidly reduced intracellularly to 
DHLA and released into culture medium. Since 
the DHLA effluxed from cells may be critical in 
the protection mechanism against glutamate, [151 

pretreatment of cells with LA to increase medium 
DHLA levels prior to the glutamate challenge was 
of interest. Here, we report that pretreatment of 
HT-4 cells with LA provided a marked protective 
effect using low doses (25-50 pM) of LA. Pre- 
viously, using the C6 glial cell line, we were 
unable to achieve complete protection against 
cytotoxicity with doses of LA lower than 100 pM. 
By using the pretreatment approach in the HT-4 
cell model, the efficacy of LA was markedly im- 
proved, and cytoprotective effects were observed 
at potentially physiologically relevant doses. 
Pharmaceutical studies have shown that LA 
given orally to rats may reach up to 70 I~M in 
plasma, ~2s] although a human oral study reported 
lower values. [29! 

Following glutamate treatment, but prior to 
cell death (8 h after glutamate treatment), intra- 
cellular levels of GSH were observed to be de- 
creased to less than 20% of those of glutamate 
nontreated controls. The protective effects of the 
nonthiol antioxidants and herbal extracts tested 
occurred without affecting the GSH levels. Thus, 
the antioxidants can apparently substitute for 
GSH to protect cells from oxidative stress or 
may reduce glutamate-induced oxidative stress 
enough so that cells can survive despite lowered 
GSH levels. 

In contrast, the thiol-based antioxidants LA 
and NAC significantly enhanced GSH levels in 
glutamate-challenged HT-4 cells. Pretreatment 
with 50 pM LA restored cellular GSH to levels 
similar to those of cells treated with 100 pM LA 
simultaneously with glutamate. Together with the 
enhanced cytotoxicity protection observed with 
low dose LA pretreatment, the GSH-sparing effect 
suggests that modulation of cellular GSH may 
be responsible for the protective efficacy of LA. 

Oxidative stress and peroxides appear to be 
involved in this nonreceptor-mediated glu- 
tamate-induced cytotoxicity model of HT-4 cells. 
The fact that a wide variety of antioxidants have 
been found to provide protection supports the 
above-mentioned hypothesis. Currently, the eva- 
luation of antioxidant activity of pure compounds 
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o r  c o m p l e x  m i x t u r e s  is o f t e n  p e r f o r m e d  in vi tro 

w i t h  c h e m i c a l  m e t h o d s  s u c h  as  e l e c t r o n  s p i n  

r e s o n a n c e  (ESR) w i t h  s p i n  t r a p p i n g  o r  cyc l i c  

v o l t a m m e t r y .  T h e  p r e s e n t  s t u d y  u s i n g  t h e  H T - 4  

ce l l  g l u t a m a t e  m o d e l  s u g g e s t s  t h a t  i t  c a n  s e r v e  as  

a r e l i a b l e  a n d  e f f i c i en t  b i o l o g i c a l  s c r e e n i n g  tes t  

fo r  p u t a t i v e  a n t i o x i d a n t  eff icacy.  
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