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Abstract

Pro-oxidant properties of ascorbate have been
studied with uses of brain tissues and neuronal
cells. Here we address potential mechanism of
ascorbate coupling with glutamate to generate ox-
idative stress, and the role which oxidized as-
corbate (dehydroascorbate) transport plays in oxi-
dative neuronal injury. Ascorbate in neurones can
be depleted by adding glutamate in culture med-
ium since endogenous ascorbate can be ex-
changed with glutamate, which enhances ascor-
bate/dehydroascorbate transport by depleting as-
corbate in the neurons with the glutamate-heter-
oexchange. However, ascorbate is known readily
being oxidized to dehydroascorbate in the med-
ium. Glutamate enhanced the dehydroascorbate
uptake by cells via a glucose transporter (GLUT)
from extracellular region, and cytosolic dehydro-
ascorbate enhanced lipid peroxide production and
reduced glutathione (GSH) concentrations. Iso-as-
corbate, the epimer of ascorbate was ineffective
in generating the oxidative stress. These obser-
vations support the current concept that the high
rates of dehydroascorbate transport via a GLUT
after the release of ascorbate by glutamate leads
to peroxidation, the role of glutamate on ascor-
bate/dehydroascorbate recycling being critical to
induce neuronal death via an oxidative stress in

the brain injury.
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Introduction

Ascorbate is an essential vitamin in human since pri-
mate cannot synthesize it due to lack of L-gulono-
lactone oxidase which is required for ascorbate bio-
synthesis, but it is needed to maintain the physio-
logical function by ingestion from diets. The ascorbate
is concentrated in particular organs such as adrenal
gland (20 mM) and brain (1-2 mM) (Hornig, 1975).
The brain contains about 10 times higher concen-
trations than circulating plasma concentration (0.1
mM) (Chatterjee et al,, 1975; Spector, 1977). High
concentrations in the brain suggest that ascorbate is
actively transported through the uptake mechanisms
from the circulating plasma ascorbate. However, the
physiological role of high concentrations of ascorbate
in the brain is not well known.

Ascorbate is generally considered to be a reducing
agent since it is easily oxidized to dehydroascorbate,
but it can also act as an oxidizing agent (Park et al.,
1997; Song et al.,, 1999, 2001; Oh et al., 2002). The
oxidative action involves rather complex reactions.
Several mechanisms have been proposed to explain
the oxidative action, but no particular mechanism is
universally accepted. Three different mechanisms are
known to be responsible for ascorbate transportation
into the brain cells: sodium-dependent ascorbate
transporter (SVCT), glucose transporter (GLUT) (May
et al., 1998) and glutamate heteroexchange (Miele et
al., 1994). The first SVCT route transports ascorbate
with no accompanying redox action. However, the
second GLUT route takes up dehydroascorbate,
which is then reduced back to ascorbate this reduc-
tion process in turn generates oxidative stress in the
neurons (Song et al, 1999, 2001).

Here we explored the possibility that glutamate
heteroexchange (Miele et al., 1994), one of the major
routes of ascorbate/dehydroascorbate transport, might
be involved in the generation of oxidative stress
during the ascorbate recycling. Ascorbate in neurons
can be depleted by exposure to glutamate since me-
chanisms allow endogenous ascorbate to be ex-
changed with the glutamate. Depletion of endogen-
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ous ascorbate in neurons results in an increase in
the uptake of ascorbate as dehydroascorbate since
ascorbate in extracellular region is readily oxidized to
dehydroascorbate under an oxygen supply. The re-
sulting dehydroascorbate is taken up by a carrier
(GLUT, a glucose transporter) mechanism into cells
(Vera et al, 1993, 1995; Welch et al, 1995, Agus
et al., 1997). Once inside the neuron dehydroascor-
bate is reduced back to ascorbate. This reduction
process may be the cause of oxidative stress since
oxidation-reduction requires an electron transfer from
one compound to another. Therefore, rapid uptake of
an oxidizing agent such as dehydroascorbate could
induce damages of vital cellular components. Our
observation will contribute to clarify the physiologic
roles of ascorbate/dehydroascorbate in the brain cells.

Materials and Methods

Chemicals

Fetal bovine serum and RPMI1640 medium was pur-
chased from Bio-Rad Laboratories (Mississagua, Ca-
nada). Halothane was obtained from Halocarbon Lab-
oratories (River Edge, NJ). Other chemicals were pur-
chased from Sigma (St. Louis, MO). Plastic tissue
culture dishes and tubes were purchased from Fisher
Scientifics (Nepean, Canada).

Cortical Slice Preparation

Adult male SpragueDawley rats (300-325 g, Charles
River Canada, Montreal) were used in these experi-
ments. Rats were anesthetized lightly with halothane
and were decapitated, and brain was removed from
the skull rapidly and placed in ice-cold phosphate
buffered saline (PBS, pH 7.4). The slices (<1 mm)
were prepared from the cerebral cortex region of the
brain, and then placed in an incubation tube con-
taining a RPMI medium supplemented with 10% fetal
bovine serum. Nine volumes of warm medium were
then added and then kept between 36.5 and 36.7°C
for 10 min before treatment with pharmacological
agents. After 2 h incubation with pharmacological
agents in shaking water bath, samples were cen-
trifuged at 1,500 g for 2 min and the pellet was
washed with PBS.

Measurement of lipid peroxidation

The lipid peroxidation product in brain homogenates
was assayed by measurement of the malondialdehyde
(MDA) concentration using the thiobarbituric acid re-
active substances (TBARS) method. Brain homo-
genates (0.5 mg of protein/ml) were mixed with 2 ml
of 0.375% thiobarbituric acid, 15% trichloroacetic acid

(Sigma) and 0.04% butylatedhydroxytoluene in 0.25 M
HCI, and the concentration of MDA was measured
(Buege and Aust, 1978). The MDA concentration is
expressed as nanomoles per milligram of protein us-
ing tetraethoxypropane as a reference standard. After
a 30-min incubation, the reaction was centrifuged at
1,500 g for 10 min and the absorbance of super-
natant was measured at 532 nm.

Determination of glutathione (GSH)

In order to further support oxidative stress induced by
ascorbate or dehydroascorbate, we have examined
changes of glutathione concentration after treatment
with 50 pM glutamate combined with different concen-
trations (0, 100 or 500 uM) of ascorbate, dehydro-
ascorbate or isoascorbate. Brain GSH concentration
was measured using a method described by Hissin
and Hilf (1976). Cortical slices (250 mg) were ho-
mogenized with 0.5 ml of 25% metaphosphoric acid
(NaoHPO3z) and 2 ml of 0.1 M sodium phosphate-
5 mM EDTA buffer (pH 8.0). After centrifugation at
15,000 g for 30 min, the supernatants were in-
cubated with o-phthalaldehyde for GSH determination.
The GSH content was determined by a fluorometry
with excitation and emission wave lengths of 350 nm
and 420 nm, respectively. Data were calculated on
the basis of GSH calibration curves. In next series
of experiments, concentrations of ascorbate, dehydro-
ascorbate and isoascorbate were fixed at 300 uM,
and different concentrations (0, 100 and 1,000 pM)
of glutamate were added in the culture medium con-
taining the cortical slices.

['*C]Dehydroascorbate uptake assay

In order to examine the involvement of a GLUT trans-
portation, the effects of the GLUT inhibitors, such as
cytochalasin B and glucose on dehydroascorbate
transport activity by measuring the uptake of radio-
labeled compounds after treated with [*“Clascorbate
(10 uM; 7 mCi/mmol) at 37°C was studied. Slices of
cerebral cortex (containing 10 mg protein) were
incubated with 1 ml of 10 uM ascorbate containing
0.1 puCi [“Clascorbate (8.60 mCi per mmol, NEC 146,
Dupont NEN) in the presence or absence of 50 uM
glutamate for up to 5 h in a shaking water bath at
37°C. To investigate the effect of GLUT inhibitor on
["C]dehydroascorbate (DHA) uptake, we choose the
10 uM wortmannin (Sigma Chemicals) and 15 mM
D-glucose (Fisher Scientific), and amounts of ["C]
uptake were determined after incubation for 5 h.
Slices were collected and washed twice with 2 ml
PBS (pH 7.4) after each incubation periods. The
samples were homogenized and transferred to Scin-
tiverse (Fisher Scientific). The radioactivities were



counted with liquid scintillation counter (Beckman).

Other procedures

Protein concentrations were determined using the Low-
ry assay. Bovine serum albumin was used as a
reference standard. The overall effects of the treat-
ments are expressed as percent changes with respect
to control conditions.

Results are presented as means+SEM. The Graph-
Pad Prism (GraphPad, San Diego, CA) was used for
all statistical analyses. Statistical significance of dif-
ferences between values was evaluated by per-
forming ANOVA followed by Bonferroni's multiple
comparison test as a post-hoc analysis. Values of P
< 0.05 were considered as significant.

Results

The effect of glutamate on oxidative stress induced
by ascorbate was investigated (Figure 1). Neither
treatments with up to 500 uM ascorbate alone nor
50 uM glutamate alone increased thiobarbituric acid-
reactive substances (TBARS) production in cerebral
cortical slices indicating that they are subthreshold
concentrations. However, TBARS concentrations were
significantly elevated to 183+18% (P<0.01) and 166
+11% (P<0.05) by 300 uM and 500 puM ascorbate
in the presence of 50 uM glutamate, respectively
(upper panel, Figure 1). These obsevations indicate
that glutamate potentiates ascorbate-induced oxidative
stress. Treatments with 500 uM dehydroascorbate
without glutamate elevated TBARS concentration to
135+10% (P<0.05) (middle panel, Figure 1) in
contrast to 500 uM ascorbate (98+22%) (upper pan-
el, Figure 1). These observations illustrate that the
dehydroascorbate has more potent stimulatory action
on TBARS production than ascorbate. When we
added 50 uM glutamate in the incubation medium,
both 300 and 500 uM dehydroascorbate significantly
elevated TBARS concentration to 165+18% (P<
0.001) and 167 +£4% (P<0.001), respectively in the
cortical slices (middle panel, Figure 1) showing similar
pattern of the stimulatory action as glutamate's po-
tentiation effect on ascorbate (upper panel, Figure 1).

In order to determine specificity of the optical iso-
mer on the glutaminate's potentiation effect on iso-
ascorbate-induced oxidative stress was also studied
by measuring TBARS concentrations. The isoascor-
bate did not increase TBARS concentration with or
without 50 uM glutamate (lower panel, Figure 1).
Isoascorbate is the epimer of ascorbate and its redox
potential is the same as ascorbate, but isoascorbate
did not show any stimulatory action on TBARS pro-
duction. These negative results indicate that tertiary
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Figure 1. Effects of glutamate on the production of thiobarbituric acid
reactive substances (TBARS) induced by ascorbate (AA), dehydro-
ascorbate (DHA) or iso-ascorbate (Iso-AA). Cortical slices were pre-
treated without or with 50 pM glutamate and subsequently incubated
with one of either AA, DHA or Iso-AA in a concentration dependent
fashions for 2 h. Quantities of TBARS (lipid peroxide) were expressed
as equivalent of malondialdehyde values (n=6). Each vertical bar
represents the mean = SEM (n=6). *, P<0.05; **, P<0.01; ***,
P<0.001.

configuration of the molecular structure plays a deter-
minant role on ascorbate-induced oxidative stress.
The concentration dependency of ascorbate, dehy-
droascorbate and isoascorbate was carried out with
set level of 300 uM under varying levels of glutamate
(0, 100 and 1,000 uM). The results showed that
TBARS concentrations were not changed in the
groups treated with ascorbate, dehydroascorbate or
isoascorbate without glutamate, but groups treated
with ascorbate or dehydroascorbate plus 100 uM glu-
tamate significantly elevated TBARS concentrations to
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202+13% (P<0.001) or 224+15% (P<0.001), re-
spectively (Figure 2). Ascorbate or dehydroascorbate
treatment also elevated TBARS concentrations in the
medium containing 1,000 uM glutamate to 140+7%
(P<0.01) or 137+£5% (P <0.01), respectively (Figure
2). The isoascorbate treatments did not change TBARS
concentration with or without glutamate (Figure 2).

Possible affect of glutamate along with varying le-
vels of ascorbate, dehydroascorbate or isoascorbate
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Figure 2. Concentration dependent effects of glutamate on the pro-
duction of thiobarbituric acid reactive substances (TBARS) induced by
ascorbate (AA), dehydroascorbate (DHA) or iso-ascorbate (Iso-AA).
Cortical slices were pretreated with 0, 100 or 1000 uM glutamate and
subsequently incubated with one of either AA, DHA or Iso-AA at 500
uM for 2 h. Quantities of TBARS (lipid peroxide) were expressed as
equivalent of malondialdehyde values (n=6). Each vertical bar
represents the mean+SEM (n=6). **, P<0.01; *** P<0.001.
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Figure 3. Effects of glutamate on the levels of endogenous glutathione
(GSH) in the treatment of ascorbate (AA), dehydroascorbate (DHA)
or iso-ascorbate (Iso-AA). Cortical slices were pretreated without or
with 50 uM glutamate and subsequently incubated with one of either
AA, DHA or Iso-AA in a concentration dependent fashions for 2 h.
Each vertical bar represents the mean + SEM (n=6). *, P<0.05;
**  PL0.01; *** P<0.001.

on the glutathione concentration, another cellular red-
ox participants was examined. Fifty micromole gluta-
mate plus 100 puM ascorbate was ineffective but
higher concentration (500 uM) of ascorbate decreased
glutathione level in the cortical slices to 71+3% (P
<0.01) (Figure 3). Both 50 uM glutamate plus 100
or 500 puM dehydroascorbate lowered glutathione
concentration to 70+3% (P<<0.01) or 58+4% (P<
0.001), respectively (Figure 3). These observations
confirm that dehydroascorbate is more potent on re-
ducing glutathione contents than ascorbate. The com-
bined treatments with glutamate and isoascorbate
were ineffective in decreasing glutathione concen-
tration (Figure 3). The inverse relationships between
TBARS and glutathione concentrations indicate that
both glutatmate plus ascorbate or dehydroascorbate
generates oxidative stress.

Study on the affect of the GLUT inhibitors, such
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Figure 4. Effects of GLUT antagonists, such as cytochalasin B and
glucose and glutamate on dehydroascorbate (DHA) transportation. To
test DHA transporting activity via a GLUT, cortical slices were treated
with [“Clascorbate for 4 h in the absence or presence of 10 pM
cytochalasin B or 15 mM glucose. Effects of g‘;Iutamate (50 uM) were
evaluated after cortical slices treated with ["'Clascorbate for up to
5 h periods. Each vertical bar represents means + SEM (n=6). *,
P<0.05; **, P<0.01 vs. control; +, P<0.05; ++, P<0.01 vs.
non-glutamte treated group.



as cytochalasin B and glucose on dehydroascorbate
transport activity by measuring the uptake of radio-
labeled compounds, showed that treatment of cortical
slices with 10 puM cytochalasin B or 156 mM glucose
resulted in significantly lower uptake of radiolabeled
compound (76+8%, P<0.05 or 62+5%, P<0.01)
in the hepatocytes after 5 h incubation than the
control (100+5%). These observations support the
concept that [“Clascorbate is taken up through a
GLUT after oxidation to ["“Cldehydroascorbate as
cytochalasin B or glucose suppressed uptake of the
labeled compound (Figure 4A). To investigate whether
glutamate enhances the dehydroascorbate transport
to cells from extracellular region, kinetics of dehy-
droascorbate transport activity was examined in the
absence or presence of glutamate. In the absence of
glutamate, the level of dehydroascorbate uptake re-
mained the same for at least 2 h but gradually
increased next 3 h period (Figure 4B). Treatment of
cortical slices with 50 uM glutamate increased the
rate of dehydroascorbate uptake during 1 to 5 h
incubation periods (Figure 4B). Taken together, these
observations indicate that glutamate stimulates dehy-
droascorbate transport via a GLUT.

Discussion

Ascorbic acid is a well established reducing agent,
but also known to increase the oxidation potential and
induce oxidative injury in cells (Leung et al, 1993;
Sakagami and Satoh, 1997; Si et al., 1998; Song et
al., 1999). We have been trying to establish the
mechanism for ascorbate-induced oxidative stress in
tissues (Si et al., 1998; Song et al., 1999, 2001). The
present study is designed to elucidate a part of
ascorbate recycling which generates the oxidative
stress. One could hypothesize some reasonable path
for ascorbate-induced oxidative stress based on the
numerous observations reported. Tissues containing
high concentrations of ascorbate such as the brain
(1-2 mM) release ascorbate during hypoxia (Hornig,
1975; Matsuo et al., 1995). Energy supply is required
to maintain a high concentration of ascorbate in a
tissue. The released ascorbate is oxidized to dehydro-
ascorbate in plasma (or medium) since sufficient
amounts of molecular oxygen (O.) are available in
plasma (Pacz 95+2 torr, Walker et al, 1997) to
oxidize the ascorbate, and the dehydroascorbate is
present in plasma (Dhariwal et al, 1991; Wil and
Bayers, 1996). The dehydroascorbate is taken up by
neurons via a transporter (GLUT) (Agus et al., 1997).
The higher concentration of dehydroascorbate in neu-
rons may be resulted from the facts that dehydro-
ascorbate competes with higher blood glucose con-
centrations on the lesser numbers of GLUT which
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transports both glucose and dehydroascorbate into
cells. These observations of higher dehydroascorbate
concentrations are consistent with a concept that
dehydroascorbate and glucose compete for the same
carrier mechanism, ‘glucose (or dehydroascorbate)
transporter' (GLUT).

The GLUT is known to be a common carrier for
glucose and dehydroascorbate and is an efficient
transporter (Angulo et al., 1998). It has been reported
that GLUT-dependent uptake mechanism of dehydro-
ascorbate, an oxidized form of ascorbate (Vera et al.,
1993) in various cell lines as well as tissues. The
dehydroascorbate taken up by cells is efficiently re-
duced to ascorbate by enzymatic processes (Bode et
al., 1993; May et al., 1998) and by chemical reduc-
tion-oxidation reaction. The reduction of a compound
means oxidation of other cellular components such as
glutathione and unsaturated lipids. When the gluta-
thione in cells is decreased or depleted, electrons will
be taken from vital components which trigger a
cascade reaction of apoptosis.

It has been known that the cerebral cortex contains
several millimolar concentrations of ascorbate and
there is greater than 10-fold difference between the
concentration of ascorbate in neurons and glia, pos-
tulating the presence of a dynamic regulation mecha-
nism to transport ascorbate into the cortical neurons.
Several investigators have observed that the extra-
cellular ascorbate concentration is modulated dyna-
mically by glutamate transport, where an increase in
ascorbate concentration is caused by heteroexchange
with glutamate (Miele et al, 1994) as glutamate is
taken up by transporter(s). In the present study, we
tried to demonstrate that glutamate-heteroexchange
as a route of ascorbate uptake are involved in as-
corbate/dehydroascorbate recycling of neuronal cells.

The working hypothesis in this study is that gluta-
mate causes the accelerated release of endogenous
ascorbate into the medium, resulting in a 'physio-
logical' concentration (equivalent to the ascorbate
concentration in the brain) of ascorbate in the medium
bring oxidized to dehydroascorbate by molecular oxy-
gen (O), which is then efficiently transported back
into the neurons. Furthermore, the glutamate-induced
depletion of ascorbate enhances rates of dehydroas-
corbate uptake via the GLUT to maintain homeosta-
sis. The GLUT transporter functions independently of
the glutamate heteroexchange route. The transport of
dehydroascorbate into the neurons generates oxida-
tive stress. This oxidative stress is commonly visua-
lized with increasing quantities of TBARS and de-
creasing concentrations of glutathione. The observa-
tions that glutamate's potentiation to ascorbate- or
dehydroascorbate-induced oxidative stress, support
our proposed mechanism that high uptake rates of
dehydroascorbate generate oxidative stress.
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In addition, our hypothesis is supported by the
observation that ascorbate consistently elevated lipid
peroxide production in liver slices whereas isoascor-
bate did not (Figure 1). Both ascorbate and isoascor-
bate (the epimer of ascorbate) have the same che-
mical structure and the same red-ox potential. The
main difference is the tertiary structure at the first
asymmetric carbon (optical isomer). Isoascorbate has
vitamin C activities, but its potency is much weaker
(approximately 10% of ascorbate). It was also ob-
served that isoascorbate is ineffective on TBARS
production with or without glutamate (Figure 1). The
ineffectiveness of isoascorbate supports that (i) red-ox
potential of ascorbate does not generate oxidative
stress since ascorbate and isoascorbate have the
same red-ox potential, and (i) ‘dehydroascorbate'
transporter (GLUT) is stereo-specific which can dif-
ferentiate optical isomers. These negative results of
isoascorbate are consistent with our proposed mech-
anism that ascorbate-induced oxidative stress is gen-
erated by high uptake rates of dehydroascorbate via
GLUT.

In this study, 100 uM and 500 uM of ascorbate
or dehydroascorbate are at subthreshold concen-
trations on TBARS production and on reduction of
glutathione concentrations (Figure 3). It was seen that
50 uM glutamate was unable to potentiate 100 uM
ascorbate, but potentiated 500 uM ascorbate on re-
duction of glutathione concentration (Figure 3). How-
ever, 50 uM glutamate potentiated effects of both 100
and 500 uM dehydroascorbate on the reduction of
glutathione concentration (Figure 3). The fact that
dehydroascorbate is more potent than ascorbate is
also consistent with our hypothesis since ascorbate
should be oxidized to dehydroascorbate before it can
enhance TBARS production and cause reduction of
glutathione concentrations. In addition, total quantities
of dehydroascorbate and its uptake rates are two
important factors we must consider. Large quantities
of ascorbate can be taken up either directly by as-
corbate or indirectly via dehydroascorbate. Obviously,
direct uptake of ascorbate cannot generate oxidative
stress since ascorbate cannot take an extra-electron.
Dehydroascorbate can be taken up in large quantities
without generating oxidative stress if the uptake rate
is slower than synthesis rate of glutathione. The new-
ly synthesized glutathione would easily absorb the
oxidative potential generated by dehydroascorbate
without depleting glutathione pool when its uptake
rate is slow. Only high uptake rates of dehydroascor-
bate in sufficient quantities generate oxidative stress
and initiate apoptosis.

During a stroke (or hypoxia), ascorbate is released
from neurons. The neurons attempt to restore as-
corbate to physiological concentrations when they
receive the normal concentrations of nutrients includ-

ing oxygen during a reperfusion period. Massive influx
of dehydroascorbate via a GLUT can occur during the
reperfusion period after a stroke.

Collectively, the observations suggest that the mas-
sive influx of dehydroascorbate (oxidized ascorbate)
through a GLUT coupling with glutamate-heteroex-
change will generate oxidative stress causing brain
damage.
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