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Protective Effects of Oral Administrated Ascorbic Acid
against Oxidative Stress and Neuronal Damage after
Cerebral Ischemia/Reperfusion in Diabetic Rats
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Diabetes enhances oxidative stress and exacerbates acute ischemic injury. Previous studies have demonstrated
that infarct volumes were greater in diabetic animals caused by a transient cerebral ischemia as compared with non-
diabetic animals. Ascorbic acid (AA) as a naturally occurring major antioxidant is reported to be low in diabetic
tissues. Therefore, we examined the effects of daily supplementation of AA on lipid peroxidation and the activity of
antioxidant enzymes (superoxide dismutase, catalase and glutathione peroxidase) in streptozotocin (STZ)-induced
diabetic rat brain. Additionally, we also investigated whether AA improves the exacerbation of neuronal damage
induced by middle cerebral artery occlusion followed by reperfusion (MCAO/Re) in diabetic state. Type1-diabetes
was induced in male Sprague Dawley rats by STZ (60 mg/kg of intraperitoneal injection). Five weeks after STZ-
injection, the diabetic rats showed enhanced lipid peroxidation and impaired activity of antioxidant enzymes in
the brain. Furthermore, the gene expression of glucose transporter GLUT1, which locates in the endothelial cells
of the blood-brain-barrier and transports oxidized AA as the main source of AA supply to the brain, was down-
regulated in the diabetic brain. AA-supplemented (100 mg/kg daily, 2 weeks) diabetic rats showed normal levels of
all these parameters. A diabetic state markedly aggravated MCAO/Re-induced neurological deficits and cerebral
injury assessed by infarction volume. Treatment of AA remarkably improved both parameters in the diabetic rats.
These results suggest that daily intake of AA relieves the exacerbation of cerebral ischemic injury in a diabetic
state, which may be attributed to improvement of augmented oxidative stress.

Key words —— ascorbic acid (vitamin C), diabetes, middle cerebral artery occlusion (MCAO), oxidative stress,
glucose transporter 1 (GLUT1)

INTRODUCTION

Oxidative stress induced by excessive produc-
tion of free radicals is considered to be crucial to
cell injury in a variety of diseases. Diabetes mel-
litus, which increases physiological oxidative stress
attributed to chronic hyperglycemia, is a major risk
factor for atherosclerotic disease such as acute brain
ischemia.1, 2) Diabetic patients have a higher risk of
stroke compared with non-diabetic patients and they
are more likely to have a poor prognosis and in-
creased mortality after stroke.3, 4) Previous studies
have also demonstrated that diabetes increases ox-
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idative stress in the brain5) and aggravates cerebral
ischemic injury in animal models.6–8) In particular,
hyperglycemia in diabetic state increases the forma-
tion of reactive oxygen species (ROS) after reperfu-
sion of blood flow.9, 10) Treatment of natural antiox-
idants such as rutin,11) a polyphenolic flavonoid, red
wine,12) plant extracts,13, 14) etc. has been reported
to improve cerebral damage and dysfunction in dia-
betic state. Taking these findings together, it is sup-
posed that enhanced oxidative stress in the brain in-
duced by diabetic hyperglycemia contributes to the
exacerbation of brain injury caused by transient is-
chemia.

Naturally occurring major antioxidant ascorbic
acid (AA) is essential for scavenging free radicals
in both plasma and tissues. It has been reported that
the concentration of AA sensitively reflects oxida-
tive stress in animal tissues.15) There is evidence
of lower levels of the concentrations of AA in the
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plasma, liver and kidney of diabetic animals and
humans.16, 17) The decrease in AA of most tissues
may be due to its enhanced consumption by el-
evated oxidative stress in the diabetic state. In-
deed, AA supplementation prevents the develop-
ment of diabetic complications associated with a
decrease in the levels of hyperglycemia, hyperlipi-
demia, hyperketonemia,18) and lipid peroxidation in
the liver and muscle19) of diabetic animals. Mean-
while, change in cerebral AA level in diabetic state
and its cerebroprotective effects have not been well-
established.20, 21) It has been reported that even a
high dose of AA has no acute protective effect on
damage induced by transient cerebral ischemia, be-
cause AA is not transportable through the blood-
brain-barrier (BBB) in vivo.22) Contrary to the re-
port, AA is likely to be transported across the BBB
slowly, whereas no measurable transport of AA
across the BBB at a short time interval was de-
tected.23) Furthermore, several studies in vitro have
shown that AA also has pro-oxidant properties, and
induces lipid peroxidation and apoptosis in neuronal
cells.24–26) Thus, it is unclear whether continuous
oral administration of AA can protect against a tran-
sient cerebral ischemia in diabetic state.

In the present study, we examined the effect
of oral administration for 2 weeks of a compara-
tively low dose of AA (100 mg/kg per day) on the
serum level of hydroperoxide as a marker of total
oxidative stress and biological antioxidant potential
in streptozotocin (STZ)-diabetic rats. The level of
thiobarbituric acid reactive substances (TBARS) as
a lipid peroxidation marker, and activity of antiox-
idant enzymes, i. e., superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx)
in the brain were also evaluated. Furthermore,
we examined whether AA protects diabetic rats
against the transient focal cerebral ischemia using
a model of middle cerebral artery occlusion fol-
lowed by reperfusion (MCAO/Re). Additionally,
the expression level of mRNA of glucose transporter
GLUT1 which locates in the endothelial cells of
BBB and transports oxidized AA (dehydroascorbic
acid: DHA) as a main source of AA supply to a
brain were examined. We found that the daily sup-
plementation of AA attenuated oxidative stress both
in plasma and the brain, and improved cerebral in-
jury induced by transient ischemia in diabetic rats.

MATERIALS AND METHODS

Experimental Diabetic Animals —— Male Spra-
gue Dawley rats (4-week old, weight 120–140 g;
Tokyo Experimental Animal Co., Ltd., Tokyo,
Japan) were used and housed two to a cage in a
temperature-controlled environment (23 ± 0.5◦C)
with a cycle of 12 hr light and 12 hr dark. The rats
were given rodent chow and water ad libitum. Ani-
mal care and the surgical procedure were performed
in accordance with guidelines approved by the Na-
tional Institutes of Health and the Josai University
Animal Investigation Committee. A diabetic state
was induced in the rats by a single intraperitoneal
injection of STZ (60 mg/kg) dissolved in 0.1 mM
sodium citrate (pH 4.5) (diabetic group), while the
rats of the non-diabetic group were injected with
buffer only.6) Seven days after the STZ-injection, a
blood sample was collected by tail-vein paracente-
sis, and then plasma glucose was determined using
a glucose analyzer (Ascensia, Bayer Medical Co.,
Ltd., Land Nordrhein-Westfalen, Germany). Dia-
betes was defined by a blood glucose level greater
than 300 mg/dl. Then, the diabetic and non-diabetic
groups were divided into two groups respectively
and were housed for an additional 6 weeks un-
til stroke was induced by MCAO. AA (100 mg/kg;
AA supplemented group) or distilled water (control
group) was administrated orally once daily for the
last 2 weeks.
Measurement of Systemic Oxidative Stress ——
The serum levels of hydroperoxide as a marker of
total oxidative stress were measured by active oxy-
gen free radical autoanalyzer (Free Radical Elec-
tive Evaluator: F.R.E.E.) using Diacron-Reactive
Oxygen Metabolites (d-ROMs) test kit as previ-
ously reported.27) The results of the d-ROMs test
were expressed in arbitrary units called “Carratelli
units” (CARR U), where 1 CARR U corresponds to
0.08 mg/100 ml H2O2.27) Plasma antioxidant capac-
ity was also detected using Biological Antioxidant
Potential (BAP) test kits. F.R.E.E. and the kits were
purchased from Diacron International s.r.l. (Gros-
seto, Italy).
Preparation of Brain Extract —— After a 2-week
supplementation period, the rats were anesthetized
deeply with diethyl ether, and then decapitated
for measurement of lipid peroxidation and activity
of antioxidant enzymes. The brain was removed
quickly and was separated into cortex, striatum +
hippocampus, cerebellum, and brainstem.
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Estimation of Lipid Peroxidation —— The lipid
peroxide content in the brain tissues was assayed
in the form of TBARS by the method of Ohkawa
et al.6, 28) Briefly, the brain tissues (10% w/v) were
homogenized in chilled potassium chloride solu-
tion (1.15%). This solution included protease in-
hibitors; 1 mg/ml Pepstatin A, 1 mg/ml Leupeptin,
10 mM phenylmethylsulfonyl fluoride (Wako Pure
Chemicals, Tokyo, Japan), and 1µl/ml Trasylol
(Bayer HealthCare AG, Land Nordrhein-Westfalen,
Germany). Briefly, the reaction mixture consisted
of 0.2 ml of 8.1% sodium dodecyl sulphate, 0.05 ml
of 20% acetic acid buffer solution (pH 3.5), 1.5 ml
of 0.8% acetic acid solution of butylated hydrox-
ytoluene (BHT), 1.5 ml of 0.8% aqueous solution
of 1,3-diethyl-2-thiobarbituric acid (Sigma-Aldrich,
St. Louis, MO, U.S.A.), 0.7 ml of distilled wa-
ter was added sequentially to 0.1 ml of 10% (w/v)
tissue-homogenate in a test tube with a cap, and
then the mixture was stirred and cooled to room
temperature. The mixture was heated at 95◦C for
60 min. After cooling, 1.0 ml of distilled water and
5.0 ml of the mixture of n-butanol (Nacalai Tesque,
Tokyo, Japan) and pyridine (15 : 1, v/v, Wako Pure
Chemicals) was added and mixed. Then, the mix-
ture was centrifuged at 3000 rpm for 10 min at room
temperature. The organic layer was removed and
its absorbance was measured at 532 nm. TBARS
were quantified using an extinction coefficient of
(A–A0) / 156000 × 5.8 / 103 × 102 / 3 × 106 and ex-
pressed as nmol of TBARS per mg protein. The
tissue protein content of each sample was estimated
using the Lowry method of protein assay.
CAT —— CAT activity in the brain tissues was
assayed by the method of Tirkey et al.6, 29) The
assay mixture consisted of 1.94 ml phosphate
buffer (50 mM, pH 7.0), 1.0 ml hydrogen peroxide
(59 mM), and 0.06 ml brain tissue homogenate in a
total volume of 3.0 ml. Changes in absorbance were
recorded at 240 nm. CAT activity was calculated in
terms of nM H2O2 consumed/min per mg protein.
SOD —— SOD activity in the brain tissues was
measured using SOD Assay Kit-WST (Dojindo
Laboratories, Tokyo, Japan), which is based on the
principle in which xanthine reacts with xanthine ox-
idase to generate superoxide anion radicals reacting
with WST-1 to form a formazan dye. Brain tissues
(20%, w/v) homogenized in 10 mmol/l Tris-HCl
buffer solution (pH 7.4) containing 0.25 mol/l of su-
crose and 1 mmol/l EDTA were used to the assay.6)

GPx —— GPx activity in the brain tissues was
measured according to the procedure previously

described.30) The reaction mixture consisted of
1.44 ml phosphate buffer (50 mM, pH 7.0), 0.1 ml
of EDTA (1 mM), 0.1 ml of sodium azide (1 mM),
0.05 ml of glutathione reductase (1 U/ml), 0.1 ml of
glutathione (1 mM), 0.1 ml of NADPH (0.2 mM),
0.01 ml of hydrogen peroxide (0.25 mM) and 0.1 ml
of post mitochondrial supernatant (10%, w/v) in
a final volume of 2.0 ml. The disappearance of
NADPH at 340 nm was detected at room tempera-
ture. The enzyme activity was represented as nM
NADPH oxidized/min per mg protein.
Evaluation of GLUT1 Gene Expression by Real-
Time PCR Analysis —— Gene expression analysis
of GLUT1 was conducted using quantitative real-
time PCR as described earlier.31) Total RNA was
extracted from the ipsilateral cortex with RNeasy
Mini Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. Total RNA
(0.5 µg) was reverse-transcribed with oligo dT and
random hexamer primers using reverse transcriptase
(PrimeScriptTM RT Enzyme Mix I, Takara RNA
PCR Kit, Takara Biomedicals, Otu, Shiga, Japan).
Real-time PCR was performed with 10 ng of cDNA
and a pair of GLUT1 gene specific primers (Takara
Biomedicals) added to the SYBR Premix EX Taq
(Takara Biomedicals) and subjected to PCR ampli-
fication in iCycler iQ Real-Time Detection System
(1 cycle at 95◦C for 10 sec, and 50 cycles at 95◦C
for 5 sec and 60◦C for 34 sec; Bio-Rad Laborato-
ries, Inc., Hercules, CA, U.S.A.). The expression
of β-actin was used to normalize cDNA levels. The
PCR products were analyzed by a melting curve to
ascertain the specificity of amplification.
MCAO and Reperfusion —— MCAO was per-
formed using a standard intraluminal procedure as
previously described.6, 32) Rats were anesthetized
with halothane (induction: 4%, maintenance: 1.5%)
in 30% oxygen with a facemask. After a midline in-
cision at the neck, the right common carotid artery
was exfoliated under an operating microscope. All
branches of external carotid artery were ligated,
and isolated. The tips of the 4–0 surgical nylon
monofilament were rounded by flame heating, and
the tip was inserted up through the internal carotid
artery. When a small resistance was felt, insertion
was stopped. Cerebral blood flow detected laser by
Doppler flowmetry (ATBF-LC1, Unique Medical
Co., Ltd., Tokyo, Japan) was reduced to 49.6±5.4%
(n = 7) of baseline after MCAO in non-diabetic and
diabetic rats. At 2 hr of the occlusion, the filament
was withdrawn to allow for reperfusion. The dis-
tance from bifurcation of the common carotid artery
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to the tip of the suture was approximately 20 mm in
all rats. Successful occlusion of the right MCA was
achieved when the left forelimb was paretic after the
nylon filament was introduced. The animals were
permitted to recover from the anesthesia at room
temperature. Rectal temperature was maintained at
37◦C with a heat lamp and a heating pad during the
operation. All the rats were killed at 24 hr of reper-
fusion. The sham operation occurs with the same
manipulation without introduction of the monofila-
ment.
Neurological Evaluation —— Post-ischemic neu-
rological deficits were evaluated after 2 hr MCAO,
and at 24 hr of reperfusion on a 5-point scale as
described as follows: grade 0 : no deficit, grade
1 : failure to extend right forepaw fully, grade
2 : spontaneous circling or walking to contralateral
side, grade 3 : walking only when stimulated, grade
4 : unresponsive to stimulation and a depressed level
of consciousness, grade 5 : death.6) Animals that did
not show neurological deficits were excluded from
the study.
Infarct and Edema Assessment —— At 24 hr of
reperfusion, the animals were deeply anesthetized
with diethyl ether and decapitated. The brain was
removed and cut into four 2 mm coronal sections by
use of a rat brain matrix, and stained with 2% 2,3,5-
triphenyltetrazolium chloride (TTC; Wako Pure
Chemicals) at 37◦C for 15 min. The coronal slices
were fixed in 10% formaldehyde for photography.
And then, infarct areas were determined by using
image analysis system (Scion Image 1.62), and were
added to obtain the infarct volumes per brain. Cor-
rected infarct volume (%) = [left hemisphere vol-
ume − (right hemisphere volume − the infarct vol-
ume)] / left hemisphere volume × 100. Edema in the
ischemic hemisphere was also calculated: edema
(%) = (right hemisphere volume − the infarct vol-
ume) / left hemisphere volume.6)

Statistical Analysis —— Data are represented as
mean± S.D. Statistical analysis for physiological
and biochemical parameters, GLUT1 mRNA levels,
and area of cerebral damage was performed with a
one-way analysis of variance (ANOVA) followed by
post hoc Tukey’s multiple-comparison test. Neu-
rological deficit scores were analyzed by Kruskal-
Wallis test followed by the Mann-Whitney U test.
In all cases a p-value of <0.05 was taken as the level
of significance.

RESULTS

Physiological Characteristic Parameter
The possible effect of AA supplementation on

the body weight and non-fasting blood glucose
level were examined in the non-diabetic and dia-
betic groups. Table 1 shows that the control dia-
betic group had typical characteristics of type 1 di-
abetes such as a decrease in the body weight and
hyperglycemia compared with the non-diabetic rats,
which were similar to previous reports.5, 17) Daily
supplementation of AA for 2 weeks did not show a
significant effect on either body weight loss or hy-
perglycemia in the diabetic rats.

Oxidative Stress and Antioxidant Activities in
Plasma and Brain

The serum levels of hydroperoxide as a marker
of systemic oxidative stress in the non-diabetic and
diabetic groups were measured using the d-ROMs
test (Fig. 1 A). The oxidative stress in the con-
trol diabetic group (252.8 ± 32.9 U.CARR) signif-
icantly increased to about 2 times that of the con-
trol non-diabetic group (131.0 ± 7.0 U.CARR). In
contrast, this parameter was decreased in the AA
supplemented diabetic group to the normal level
(137.3 ± 32.1 U.CARR). The antioxidant ability in
the plasma measured by BAP test was significantly
attenuated in the control diabetic rats (1475.7±67.1)
in comparison with the non-diabetic rats (1875.4 ±
156.1, Fig. 1 B). This parameter of the AA supple-
mented diabetic group (1454.7±101.9) was not sig-
nificantly different with the control diabetic group.
The control diabetic rats had an elevated level of
TBARS (Fig. 2) and decreased activity of antioxi-
dant enzymes CAT, SOD, and GPx (Fig. 3) in the
brain tissue compared with the non-diabetic rats.
Supplementation of AA in diabetic rats showed a
reversal of these parameters to near normal levels in
most region of the brain.

Table 1. Effect of Orally Supplementation of AA for Two
Weeks on Body Weight and Blood Glucose in Exper-
imental Groups of Rats

Group Body weight Blood glucose
(g) (mg/dl)

non-DM+H2O 402.3 ± 28.1 137.6 ± 17.1
non-DM+AA 411.4 ± 20.8 146.1 ± 11.5
DM+H2O 262.1 ± 67.4a) 744.3 ± 81.3a)

DM+AA 304.3 ± 48.7a) 607.2 ± 88.1a)

Values are given as mean±S.D. a) p < 0.01 vs. non-DM+H2O
group. n = 10.
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Fig. 1. Effects of AA Supplementation on Total Oxidative
Stress (A) and Antioxidative Capacity (B) in Plasma
of the Non-diabetic (Non-DM) and the Diabetic (DM)
Rats Determined by d-ROMs Test and BAP Test, Re-
spectively

Data are mean±S.D. of 6–7 rats per group. ∗,∗∗ p < 0.05, 0.01 for
statistically significant compared to distilled water (H2O)-administered
non-DM group. a p < 0.01 compared to the H2O-administered DM
group.

Fig. 2. Effect of AA Supplementation on the Level of Lipid
Peroxidation in the Brain of the Non-DM and the DM
Rats Determined by TBARS Assay

Data are mean± S.D. of 6–7 rats per group. a p < 0.01 for statisti-
cally significant compared to distilled water (H2O)-administered non-
DM group. b p < 0.01 compared to the H2O-administered DM group.

Expression of GLUT1 in Cortex
The gene expression of GLUT1 in the brain was

quantified using real-time PCR by normalization
with β-actin expression (Fig. 4). Diabetic state sig-
nificantly down-regulated the expression of GLUT1
in the cerebral cortex as compared with the non-
diabetic rats. Supplementation with AA increased
the expression of GLUT1 both in the diabetic and

non-diabetic rats and made up the difference be-
tween the two groups.

Neurological Deficits and Infarct Volume after
Transient MCAO with Reperfusion

MCAO for 2 hr in non-diabetic rats resulted in
moderate neurological deficits, and the neurologi-
cal evaluation value was increased after 2 hr MCAO
(Fig. 5 A). In particular, the following 24 hr reperfu-
sion markedly exacerbated the neurological deficits.
In the diabetic rats subjected to the transient MCAO,
severe neurological dysfunction was observed com-
pared to the non-diabetic rats (Fig. 5 B). Further-
more, the value was remarkably increased by reper-
fusion in diabetes. On the other hand, AA supple-
mentation showed a significant improvement effect
for the neurological dysfunction caused by MCAO
with reperfusion in diabetic state.

Figure 6 shows TTC-stained coronal brain sec-
tions from representative rats at 24 hr reperfusion
of the four groups. In the sham operated animals,
there was no apparent damage in any brain region.
The infarct area in the non-diabetic rats after MCAO
with 24 hr reperfusion was extended to corpus stria-
tum and cortex, whereas it was significantly de-
creased by AA supplementation (Fig. 7 A). The con-
trol diabetic rats have a large infarction extended to
the whole thalamus and cortex. The lesion volume
in the diabetic rats was significantly increased about
2.5 times compared with the non-diabetic rats. AA
supplementation in the diabetic animals remarkably
decreased the infarction volume, in which the lesion
was determined only in the cortex and part of the
thalamus. In addition, AA supplementation also re-
duced the edema exacerbated by diabetes (Fig. 7 B).

DISCUSSION

The findings of the present study indicate that
the chronic oral supplementation of AA improves
the antioxidant status of the diabetic rat brain by
decreasing lipid peroxidative products and restoring
impaired antioxidant enzyme activity. Furthermore,
we demonstrated for the first time that orally sup-
plemented AA alleviates the exacerbation in cere-
bral ischemic injury caused by MCAO with reper-
fusion in the STZ-induced diabetic rats. In diabetic
state, “glucose toxicity” caused by augmentation of
intracellular glucose oxidation process and nonen-
zymatic glycation of protein molecules leads to over
production of ROS and damage of neurons and en-
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Fig. 3. Effect of AA Supplementation on the Activity of SOD (A), CAT (B), and GPx (C) in the Non-DM and the DM Rat Brain
Data are mean±S.D. of 6–7 rats per group. a p < 0.01 for statistically significant compared to the distilled water (H2O)-administered non-DM

group. b p < 0.01 compared to the H2O-administered DM group.

dothelial cells.1) Augmented oxidative stress such
as increased ROS production, augmented lipid per-
oxidation, and reduction of antioxidants has been
indicated in the brain, kidney, pancreas, and liver
of STZ-induced diabetic rats.5) Additionally, im-
pairment of antioxidant enzymes, caused by nonen-
zymatic glycation of protein molecules, increases
lipid peroxidation in the brain of diabetic animals
has been indicated.1, 33) In agreement with these re-
ports, we observed that the level of lipid peroxida-
tion marker TBARS was elevated and the activity
of antioxidant enzymes CAT, SOD, and GPx was

decreased in the all parts of the diabetic rat brain.
The augmentation of lipid peroxidation in the brain
might be a reflection of decreased activities of the
antioxidant enzymes as defense systems.

AA plays a role in many biological processes
including free radical scavenging and protection of
lipid membranes as well as hormone synthesis and
homeostasis. It is conceivable that the enhanced
oxidative stress in diabetes consumes AA, and that
the resulting diminution in AA leads to further en-
hancement of radical reactions and other dysfunc-
tions in the brain. In fact, there is experimental ev-
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Fig. 4. Effect of AA Supplementation on Expression of
GLUT1 mRNA in the Non-DM and the DM Rat Cortex

Data are mean± S.D. of 6–7 rats per group. a p < 0.01 for statis-
tically significant compared to the distilled water (H2O)-administered
non-DM group. b p < 0.01 compared to the H2O-administered DM
group.

idence of lower levels of AA concentrations in the
plasma, brain, and other tissues of the diabetic rats 8
weeks after intraperitoneal injection of STZ.18) We
observed that the oral supplementation of AA pre-
vented the lipid peroxidation and restored the im-
paired activity of the antioxidant enzymes, which
could be as a result of improved antioxidants’ sta-
tus in the diabetic brain. AA had little effect on
the elevated blood glucose level in the diabetic rats,
confirming that the cerebroprotective effect of AA
could be due to its antioxidant activity.

There is a relatively high concentration of AA
in the brain. Previously, various types of AA-
related transporters such as sodium–vitamin C co-
transporter 34) and GLUT 35) have been identified. A
recent study has reported that the transport of DHA
to the brain through a facilitative glucose transporter
GLUT1 in endothelial cells of BBB, which was the
main source of AA supply to the brain, is obstructed
by hyperglycemia in STZ-induced diabetic state be-
cause of competitive inhibition of dextroglucose D-
glucose.36) It has also been reported that diabetic
hyperglycemia alters GLUT1 expression and activ-
ity in the brain.37–39) Our study demonstrated that
the expression level of GLUT1 mRNA in the cortex
of diabetic rats was down-regulated. Thus, it can
be supposed that not only the increased consump-
tion of AA but suppression of DHA transport may
be caused in the diabetic brain.

On the other hand, the cerebroprotective effect
of AA supplementation is controversial, whereas
beneficial effects of DHA administration for neu-
ronal oxidative stress and inflammation seem to be

Fig. 5. Effect of AA Supplementation on Neurological Deficits
Determined 2 hr after MCAO and 24 hr at Reperfusion
(MCAO/Re) in Non-DM (A) and DM rats (B)

Data are mean±S.D. of 6–7 rats per group. ∗,∗∗ p < 0.05, 0.01 for
statistically significant compared to individual distilled water (H2O)-
administered groups.

estimated.40–42) Ahn et al.5) revealed that AA sup-
plementation has little effect against the elevated
oxidative stress in the STZ-diabetic brain, whereas
it is efficacious in other tissues. Previous studies
do not support a role for an acute effect of supple-
mentation of AA in normal animals, because AA is
not transportable through the BBB in a short time
period; even a high dose of AA (500 mg/kg of intra-
venous administration) has no acute protective ef-
fect on the damage induced by transient cerebral
ischemia in mice.40) Agus et al.23) indicated that a
small amount of AA was slowly transported across
the BBB in normal mice and rats by in vivo transport
studies using isotope-labeled AA. In the present
study, we observed that the oral supplementation
of a relatively low dose (100 mg/kg per day) of AA
shows the antioxidant effect in the brain of diabetic
rats. The discrepancies among the reports includ-
ing our result may be explained on the grounds that
AA shows a biphasic effect as anti-oxidant and pro-
oxidant and has an optimal dose for neuroprotection
as well as experimental conditions such as the dura-
tion and stage of diabetes.24, 43) Chronic AA supple-
mentation for 2 weeks also may contribute to effi-
cacy in the transport and utilization of AA in the
brain.

The plasma levels of oxidative stress determined
by d-ROMs test decreased in the AA-treated dia-
betic rats. On the other hand, plasma antioxidant
capacity estimated by BAP test was not affected
by AA. AA might be consumed immediately to re-
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Fig. 6. Representative Data of TTC Staining from the Rats of Non-DM with Sham Operation Group, Distilled Water Administered
(H2O) or AA Supplemented (AA) Non-DM or DM Group with MCAO followed by Reperfusion (MCAO/Re)

AA (100 mg/kg body weight) or water was administrated once daily for 2 weeks p.o. Horizontal bar: 3 mm.

Fig. 7. Effect of AA Supplementation on Infarct Volume (A)
and Edema (B) induced by MCAO/Re in Non-DM and
DM Rats

Statistical significant reduction in total infarct volume and edema
was observed in AA supplemented groups as compared to distilled wa-
ter (H2O)- administered groups in both non-DM and DM rats. Data are
presented as mean± S.D. (n = 6). a p < 0.05 for statistically significant
compared to H2O-administered non-DM group. b p < 0.01 compared
to the H2O-administered DM group.

duce excessive ROS produced under hyperglycemic
condition, and it might contribute little to restora-
tion of antioxidant capacity. Oxidation of AA to
DHA is considered as a potentially important step
in regulating AA entry into the brain, because AA
is present in plasma mainly in its reduced form.44)

It is possible that AA tends to be oxidized to DHA
under the elevated oxidative stress in the plasma of
diabetic animals, which might overcome the com-
petitive inhibition in BBB-transport caused by high
concentration of glucose. In addition, it is com-
monly assumed that a high concentration of DHA

could be produced in vivo by impaired cells and in-
flammatory cells. We found that the chronic sup-
plementation of AA for 2 weeks reversed the de-
creased level of GLUT1 expression in the diabetic
brain to the normal level, which may contribute to
the recruitment of AA into the brain and correc-
tion of AA homeostasis. However, the precise pro-
cess by which the orally supplemented AA exerts
its effect in the brain remains unclear, hence further
studies should be undertaken to reveal the change in
the transport and metabolism of AA in the diabetic
brain.

Oxidative stress is implicated also in the patho-
genesis of the transient cerebral ischemic injury.
Cerebroprotective effects of antioxidants increasing
free radical degradation, inhibitors of free radical
production, and free radical scavengers have been
estimated in animal models. In this study, we ob-
served that the diabetic model had a significantly
greater lesion volume and edema by MCAO follow-
ing reperfusion when compared to normal as pre-
viously reported.6) There are a number of factors
that may explain the severe symptom of brain is-
chemia in diabetes; however the mechanisms exac-
erbating the ischemic injury of the diabetic brain
have not been completely elucidated. As men-
tioned above, the hyperglycemia-induced dysfunc-
tion of enzymatic antioxidant defense causes accu-
mulation of ROS, leading to lipid peroxidation and
neuronal apoptosis. Actually, it has been demon-
strated that apoptosis of cells in the penumbral re-
gion was enhanced in diabetic animals correlated
with serum glucose.7) ROS is also considered to
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induce matrix metalloproteinase and inflammatory
cytokines via activation of nuclear factor (NF)-κB,
leading to BBB disruption and edema formation.45)

Furthermore, the ischemic cerebral injury in the di-
abetic state may be aggravated by acidosis, acti-
vation of aldose reductase and NAD(P)H oxidase,
enhanced production of advanced glycation end-
products, protein kinase C activation induced by ex-
cessive Ca2+ influx, etc. We observed that exacer-
bation of the damage in the brain of diabetic rats
mainly occurred during the reperfusion phase. Be-
cause the hyperperfusion of blood flow often as-
sociated with reperfusion locally produces a large
amount of ROS and generates free radical chain re-
actions, it is conceivable that increased oxidative
stress in the diabetic state enhances these processes.
Our results suggest that the oral supplementation
of AA protects neuronal cells and endothelial cells
through the suppression of diabetic oxidative stress
resulting in alleviating the extensive cerebral infarc-
tion and edema of the diabetic brain.

In conclusion, in this study, we found that
chronic supplementation of a relatively low dose of
AA protects STZ-induced diabetic rats against total
oxidative stress and an exacerbation in cerebral is-
chemic injury. AA is expected to act as a scavenger
of free radicals contributing to mitigation of oxida-
tive neuronal injury in the diabetic brain. Further-
more, we found that the expression level of GLUT1
was down-regulated in the diabetic cortex, and sup-
plementation of AA reversed the decreased level of
GLUT1 expression in the diabetic brain to normal,
which might contribute to the recruitment of AA
into the brain and its cerebroprotective effects.

Acknowledgements We would like to thank Drs.
Yasushi Nakada and Masaya Nakagawa (Toyama
Chemical Co., Ltd., Tokyo, Japan) for the MCAO
technique. This study was supported by Grants-in-
Aid for Scientific Research from the Japan Society
for the Promotion of Science (No. 16790450 and
19590700).

REFERENCES

1) Baynes, J. W. (1991) Role of oxidative stress in de-
velopment of complications in diabetes. Diabetes,
40, 405–412.

2) Stephens, J. W., Khanolkar, M. P. and Bain, S. C.
(2009) The biological relevance and measurement
of plasma markers of oxidative stress in diabetes and

cardiovascular disease. Atherosclerosis, 202, 321–
329.

3) Biller, J. and Love, B. B. (1993) Diabetes and stroke.
Med. Clin. North Am., 77, 95–110.

4) Vinik, A. and Flemmer, M. J. (2002) Diabetes and
macrovascular disease. J. Diabetes Complications,
16, 235–245.

5) Ahn, T., Yun, C. H. and Oh, D. B. (2006) Tissue-
specific effect of ascorbic acid supplementation on
the expression of cytochrome P450 2E1 and oxida-
tive stress in streptozotocin-induced diabetic rats.
Toxicol. Lett., 166, 27–36.

6) Iwata, N., Okazaki, M., Kasahara, C., Kamiuchi,
S., Suzuki, F., Iizuka, H. and Hibino, Y.
(2008) Protective effects of a water-soluble ex-
tract from culture medium of Ganoderma lucidum
mycelia against neuronal damage after cerebral
ischemia/reperfusion in diabetic rats. Journal of
Japanese Society of Nutrition and Food Science, 61,
119–127.

7) Li, Z. G., Britton, M., Sima, A. A. and Dunbar, J.
C. (2004) Diabetes enhances apoptosis induced by
cerebral ischemia. Life Sci., 76, 249–262.

8) Rizk, N. N., Rafols, J. and Dunbar, J. C. (2005)
Cerebral ischemia induced apoptosis and necrosis in
normal and diabetic rats. Brain Res., 1053, 1–9.

9) Li, P. A., Liu, G. J., He, Q. P., Floyd, R. A. and
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