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Oxidative damage has been implicated as one of the leading causes for neuronal cell death in a num-
ber of neurodegenerative diseases including stroke. Many vegetables and fruits are enriched in poly-
phenolic compounds known to exhibit antioxidant properties. This study is to investigate whether die-
tary supplement with grape powder (GP) may offer protection against neuronal damage due to global
cerebral ischemia induced to Mongolian gerbils by occlusion of the common carotid arteries, a model
known to cause delayed neuronal death (DND) in the hippocampal CA1 area. Gerbils were fed either
a control diet (AIN76a) or a control diet supplemented with low (5.0 g/kg diet) or high (50 g/kg diet)
levels of GP for two months. Four days after ischemia/reperfusion (I/R), the extent of DND, glial cell
activation, nuclear DNA oxidation, and apoptotic terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) reaction in hippocampal CA1 region were assessed. Ischemia-
induced extensive DND in the CA1 region was accompanied by oxidative and fragmented DNA
damage and a marked increase in reactive astrocytes and microglial cells. Dietary GP supplementa-
tion significantly protected neurons against I/R-induced DND, DNA damage, and apoptosis as well as
attenuated glial cell activation. These results demonstrate that due to the antioxidant properties of
polyphenols in GP, nutritional diets supplemented with grape can protect the brain against ischemic
damage. The neuroprotective effects of GP supplement may have wide implication in the future for
prevention/protection against other neurodegenerative damage.
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1 Introduction

Increased oxidative stress has been implicated as the lead-
ing cause for neuronal cell death in many neurodegenera-
tive disorders including stroke [1]. Due to the high con-
sumption of oxygen, high levels of polyunsaturated fatty
acids in neural cell membranes and the relatively low levels

of antioxidants, the brain is particularly vulnerable to oxida-
tive insults. Increased production of reactive oxygen spe-
cies (ROS) is known to cause oxidative damage to lipids,
proteins, and DNA [2, 3]. In global cerebral ischemia/reper-
fusion (I/R), increased production of ROS has been
regarded an important factor underlying delayed neuron
death (DND), especially the pyramidal neurons in the hip-
pocampal CA1 area [4–7].

Many vegetables and fruits are enriched in polyphenolic
compounds known to exhibit antioxidant properties [8–
10]. Epidemiology studies also indicate that moderate wine
consumption is linked to a lower incidence of cardiovascu-
lar disease, the so-called “French paradox”. This main ben-
efit is attributed to the polyphenols in the red wine and
grapes [11, 12]. In recent years, understanding the “French
paradox” has stimulated new research interest to investigate
whether polyphenolic antioxidants may offer protective
effects beyond the cardiovascular system, in particular, the
central nervous system [13, 14].
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Our previous studies have demonstrated the antioxidant
effect of resveratrol against oxidative damage imposed on
PC-12 cells [15–17]. We have also demonstrated that diet-
ary supplementation of polyphenols extracted from grape
skin and seeds can ameliorate oxidative insult to brain
synaptic membranes and hepatic morphology due to
chronic ethanol consumption [18, 19]. Using the same para-
digm, COX-2 mRNA expression in the brain was increased
after chronic ethanol administration and this change was
ameliorated upon supplementing grape polyphenols to the
ethanol diet [20].

The underlying role of oxidative stress-mediated neuronal
damage after stroke has raised attention to testing possible
beneficial effects of dietary antioxidants, especially those
from plant source [21, 22]. Our earlier studies indicated the
protective effects of resveratrol, a polyphenol enriched in
grape skin and red wine, to protect against DND induced by
global ischemia in gerbils [7]. Resveratrol also protected
against neuronal damage induced by kainate excitotoxicity
in rats [23, 24]. A study by Cui et al. [25] indicated that con-
sumption of grape extract can significantly reduce injury
due to myocardial ischemia. Therefore, a major goal for the
present study is to examine whether dietary supplementa-
tion of grape powder (GP) can offer protection against neu-
ronal damage due to cerebral ischemia.

2 Materials andmethods

2.1 Grape diet preparation

The freeze-dried GP used for this study was obtained from
the California Table Grape Commission (Fresno, CA,
USA). The composition of the GP has been described pre-
viously [11]. Approximately 100 g of fresh grapes yielded
18.2 g of the GP with the following chemical composition
based on 100 g of GP: 4 g protein, 90 g sugar, and 6 g fiber.
Control and GP diets were prepared using AIN-76a powder
as the basal diet. For the control and GP supplemented diets
(5.0 and 50 g/kg), total caloric levels were adjusted with
corn starch for each group (Table 1).

2.2 Animals

Adult male Mongolian gerbils (60–80 g body wt) (Charles
River, Wilmington, MA, USA) were housed in the Small
Animal Facilities, Medical Sciences Building, University
of Missouri, Columbia, MO. Gerbils (three per cage) were
given free access to water and lab chow, and were main-
tained at 22 + 28C with a constant humidity and a 12:12 h
light :dark cycle. Initially, a pilot experiment was carried
out to assess the intake of the AIN-76a diet. Results indi-
cated an average consumption of 15 g of AIN-76a diet for

each gerbil and body weight gain for gerbils consuming the
AIN-76a diet was not different from those given the regular
lab chow diet (Purina). Gerbils were fed the AIN76a diet
with or without supplementation of a low (5.0 g/kg diet)
and a high (50 g/kg diet) level of GP for 2 months. Gerbils
given the AIN-76a diet supplemented with GP did not differ
in body weight gain as compared to those given the control
diet (data not shown). After dietary treatment, gerbils were
divided into six groups, namely, sham (fed with control
diet, n = 6), sham + low GP (n = 6), sham + high GP (n = 6),
ischemia (fed with control diet, n = 10), ischemia + low GP
(n =11) and ischemia + high GP (n = 11).

2.3 Induction of global forebrain ischemia

I/R was performed according to the procedure as described
by Wang et al. [7]. Briefly, both common carotid arteries
(CCAs) were clamped with aneurysm clips for 5 min and
recirculation was achieved by removing the aneurysm clips.
The sham-operated group underwent the same procedures
without occlusion of CCAs. The surgical protocol for
induction of ischemia has been approved by the University
of Missouri-Columbia Animal Care and Use Committee
(Protocol #1741). Experiments were carried out according
to the guidelines set forth by the NIH Guide for the Care
and Use of Laboratory Animals. After ischemia, gerbils
were continued with the same diet until sacrifice at 4 days
after ischemic treatment. During the ischemic treatment,
the presence of communicating arteries in gerbils was
detected by monitoring the decrease in regional cerebral
blood flow before and after clamping the bilateral CCA
using a laser doppler blood flow monitor (MBF3D; Moor
Instruments, Axminster, Devon, UK). Gerbils showing a
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Table 1. Composition of the experimental diets (g/100 g)

Ingredient Control
(g)

Low grape
(g)

High grape
(g)

Choline bitartrate 0.25 0.25 0.25
DL-Methionine 0.3 0.3 0.3
Vitamin mix (AIN76a) 1 1 1
Salt mix (AIN93) 3.5 3.5 3.5
Grape powder 0 0.5 5
Corn starch 39.75 39.25 34.75
Dyetrose 13.2 13.2 13.2
Sucrose 10 10 10
Alphacell 5 5 5
Casein 20 20 20
Safflower oil 2 2 2
Corn oil 5 5 5

Total 100 100 100

Low-GP = 5.0 g/kg and high-GP = 50 g/kg. Substituted corn
starch for extracts to maintain isocaloric: grape powder has
3.75 kcal/g.
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decrease in cerebral blood flow of less than 80% after ische-
miawere excluded from subsequent analyses [7].

2.4 Preparation of brain samples

Four days after ischemia, gerbils were transcardially per-
fused with 30 mL heparinized saline and then 100 mL 4%
paraformaldehyde in 0.05 mol/L PBS (pH 7.4). The brains
were then post-fixed in the same fixative for 3 days. Brain
tissues were embedded in paraffin for histochemical and
immunocytochemical examinations. Six lm thick coronal
sections were cut at the dorsal hippocampal area.

2.5 Histochemical and immunohistochemical
staining for neurons, astrocytes, and
microglial cells

Brain sections were stained with cresyl violet for detection
neurons and immunohistochemical staining of glial fribil-
lary acidic protein (GFAP), a marker for astrocytes accord-
ing to protocol described by Wang et al. [7]. Microglial
cells in brain sections were identified using peroxidase-
labeled isolectin B4 (Sigma, St. Louis, MO, USA) accord-
ing to the protocol described by Streit [26]. Briefly, depar-
affinized sections were placed in PBS containing 0.1 mM

each of CaCl2, MgCl2, MnCl2, and 0.1% Triton X-100 for
30 min. The sections were then incubated overnight at 48C
with peroxidase-labeled isolectin B4 that was diluted to
20 lg/mL in PBS containing the divalent cations and 0.1%
Triton X-100. After washing with PBS, the peroxidase reac-
tion was carried out by incubating the slides with freshly
prepared 0.5 mg/mL 3,3V-diaminobenzidine tetrachloride
(DAB) and 0.03% H2O2 for 5 min and then post-stained
with 0.05% cresyl violet for 10 min. After dehydration in
graded ethanol, sections were mounted with Permount and
examined under Nikon Eclipse E600 microscope equipped
with Nikon digital still camera and DXM1200 software
(Nikon, Melville, NY, USA).

2.6 DAPI staining to assess nuclear DNA damage

The fluorescent dye, 49,6-diamidine-29-phenylindole
(DAPI) (Roche Molecular Biochemicals, Mannheim, Ger-
many), which intercalates specifically into the adenine-thy-
midine base pairs of DNA, was used to identify nuclear
DNA in the cells [27]. The deparaffinized and hydrated
sections were immersed with 0.1 lg/mL DAPI in PBS for
20 min at room temperature and then examined using the
same microscope described above. The DAPI staining in
aqueous solution shows an absorbance maximum at 340 nm
and an emission maximum at 448 nm.

2.7 Detection of oxidized DNA by 8-OhdG
immunohistochemistry

Formation of 8-hydroxyl-deoxyguanosine (8-OHdG) is
regarded a hallmark of oxidative DNA damage [28, 29]. A
time course study by Hwang et al. [30] showed an increase
in immunoreactivity of 8-OHdG in the gerbil hippocampal
CA1 region peaking at 12 h and 4 days after ischemic insult.
In this study, brain samples obtained 4 days after I/R were
used. Briefly, deparaffinized brain sections were first incu-
bated in 0.3% H2O2 in PBS for 30 min, followed by incuba-
tion with 150 lg/mL RNase A for 1 h at 378C to exclude
interference effects of oxidative RNA products. After rins-
ing with PBS (5 min, 36), the sections were incubated in
50 mM sodium hydroxide (NaOH) in 40% ethanol for
10 min in order to denature DNA. After washing with PBS
(5 min, 36), the sections were incubated in 0.5% bovine
serum album (BSA) and 10% normal goat serum (NGS) in
PBS for 30 min. The sections were then incubated with
mouse anti-8-OHdG antibody (diluted at 5 lg/mL; OxisRe-
search, Portland, OR, USA) in 1% NGS, 0.3% Triton X-100
in PBS at 48C overnight, followed by incubating with goat
anti-mouse immunoglobulin G (IgG) labeled with horse-
radish peroxidase (HRP) (dilution 1: 200; Sigma, St. Louis,
MO, USA) in 1% NGS, 0.3% Triton X-100 in PBS at room
temperature for 2 h. After washing with PBS, the peroxi-
dase reaction was carried out by incubating the slides with
freshly prepared 0.5 mg/mL DAB (Sigma) and 0.03% H2O2

for 5 min. After dehydration in graded ethanol, the sections
were mounted with Permount and examined under above
microscope.

2.8 TUNEL staining to identify fragmented DNA

For detecting apoptotic cell death, terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end-labeling
(TUNEL) staining was performed using an in situ cell death
detection kit (Roche Molecular Biochemicals). The kit con-
tains terminal deoxynucleotidyl transferase, which catal-
yzes polymerization of fluorescent dUTP to free 39-OH
DNA ends in a template-independent manner. TUNEL-
positive cells were identified by fluorescence of incorpo-
rated dUTP. Briefly, deparaffinized and rehydrated sections
were incubated with 20 lg/mL proteinase K in 0.01 M Tris-
HCl (pH 7.4) for 30 min at room temperature. After wash-
ing, the sections were permeabilized in a solution contain-
ing 0.1% Triton-X 100 and 0.1% sodium citrate for 10 min
at room temperature. The sections were incubated in the
TUNEL-reaction mixture. The reaction was stopped by
transferring the sections to termination buffer for 15 min at
room temperature. After washing, slides were examined
under the same microscope described above using excita-
tion wavelength 450–500 nm and detection using a 515–
565 nm filter.
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2.9 Quantification of data and statistical analysis

Neuronal damage was quantified by counting the number
of live neurons in the middle of the CA1 area in both sides
of the CA1 regions (320 lm length) under microscopy
(magnification 4006) by using the Bioquant Image Anal-
ysis System (Bioquant True Color Windows 95 Software
Version 2.50; Nashville, TN, USA) attached to a Nikon
Eclipse E600 microscope equipped with Nikon digital still
camera. Areas for counting GFAP- and isolectin-B4-posi-
tive cells (100 lm6320 lm) included an adjacent area
above the middle CA1 region. For counting, one slide from
each brain (cutting through the hippocampal region) was
used and assessment was made from both sides of the brain.
Quantitative analysis of DAPI, 8-OHdG immunoreactivity,
and TUNEL-positive staining were performed in the same
area of the hippocampus (100 lm6320 lm). Immunoreac-
tivity was assessed based on four grading scores according
to the staining intensity as described by Niwa et al. [31]:
grade 0, no damage or staining; grade 1, weak damage or
staining within one-third of neuron; grade 2, moderate
damage or staining within two-third of neuron; grade 3,
strong damage or staining within the entire neuron. Data
were subjected to a two-way analysis of variance (ANOVA)

followed by Bonferroni’s post-tests using the Graph Pad
Prism program Version 4.0 (Graph Pad Software Inc., San
Diego, CA, USA). A p-value < 0.05 was considered statisti-
cally significant.

3 Results

3.1 GP dietary supplement offered
neuroprotection against I/R-induced DND

Four days after 5 min of CCA occlusion, extensive DND
was observed in the hippocampal CA1 area (Fig. 1B) as
compared to sham controls (Fig. 1A). Both low and high
doses of GP supplement decreased DND in the hippocam-
pal CA1 area as comparing Fig. 1C and Fig. 1D with
Fig. 1B. Two-way ANOVA revealed a significant interac-
tion between ischemia and GP (p = 0.0469). The main
effect of ischemia was significant (p < 0.0001), and the
main effect of GP was marginally significant (p = 0.052).
Bonferroni’s post-tests showed a significant effect of high
GP (p < 0.001) and low GP (p < 0.01) but there were no sig-
nificant differences between low and high GP (p > 0.05) on
ischemia (Fig. 2A).
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Figure 1. Protection of dietary GP on neuronal survivability, astrocytic and microglial activation after transient ischemic insult. Neu-
rons (cresyl violet), astrocytes (GFAP), and microglial cells (isolectin-B4) were detected in the hippocampal CA1 subfield of gerbils
at 4 days after a 5 min CCA occlusion. For each staining type, comparisons were made among sham, ischemia, and ischemia with
low (5.0 g/kg) or high dosage (50 g/kg) of GP, which were orally supplemented for 2 months before ischemia. After ischemia, gerbils
were continued with the same diet until decapitation at 4 days after surgery. (A, B, C, D) Cresyl violet staining; (E, F, G, H) GFAP
staining; (I, J, K, L) isolectin-B4 staining. (A, E, I) Sham-operated control; (B, F, J) Ischemia/reperfusion; (C, G, K) Ischemia + low
GP; (D, H, L) ischemia + high GP. Magnification, 2006.
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3.2 GP dietary supplement diminished I/R-induced
glial cell activation

Immunohistochemical staining of GFAP showed that astro-
cytes with small cell bodies and fine cytoplasmic processes
were distributed around the hippocampal CA1 area. Only
few GFAP-positive astrocytes were found in the sham con-

trol groups (Fig. 1E). Animals subjected to I/R showed an
increase in GFAP-positive astrocytes, which are present in
multiple hippocampal layers (Fig. 1F). Ischemia induced to
gerbils supplemented with both low and high doses of GP
showed less reactive astrocytes as compared to the ischemic
control group (Fig. 1G vs. Fig. 1F; Fig. 1H vs. Fig. 1F).

Two-way ANOVA of astrocytes revealed a significant inter-
action between ischemia and GP (p < 0.0001). The main
effects of ischemia and GP were significant (both p <
0.0001). Bonferroni's post-tests showed a significant effect
of high GP (p < 0.001) and low GP (p < 0.001) but there
were no significant differences between low and high GP
(p > 0.05) on ischemia (Fig. 2B).

Using isolectin B4 as a marker, very few microglial cells
were found in the sham control groups (with or without GP
diets) (Fig. 1I). Ischemia induced a substantial increase in
microglial cells, in particular in the hippocampal CA1
region, where pyramidal neuron death was apparent
(Fig. 1J). Ischemia induced to gerbils supplemented with
both low and high doses resulted in a less microglial prolif-
eration as compared to the ischemic control group (Fig. 1K
vs. Fig. 1J; Fig. 1L vs. Fig. 1J). Two-way ANOVA of micro-
glial cells revealed a significant interaction between ische-
mia and GP (p = 0.0001). The main effect of ischemia was
significant (p < 0.0001), and the main effect of GP was sig-
nificant (p < 0.0001). Bonferroni’s post-tests showed a sig-
nificant effect of high GP (p < 0.001) and low GP (p <
0.001) but there were no significant differences between
low and high GP (p > 0.05) on ischemia (Fig. 2C).

3.3 GP dietary supplementation attenuated
I/R-induced DNA oxidation and fragmentation

DAPI staining was used to observe alterations in nuclear
morphology after ischemic insult. In the brain sections
from sham controls, pyramidal neurons in the hippocampal
CA1 region showed large round nuclei with clear nucleolus
(Fig. 3A). However, 4 days after I/R, most of the nuclei of
CA1 pyramidal neurons became fragmented and showed
irregular and condensed shape (Fig. 3B). These changes
were inhibited by supplementation with both low and high
GP diets (Fig 3B. vs. Fig. 3C; Fig. 3B vs. Fig. 3D). Oxida-
tion of DNA was assessed by immunohistochemistry of 8-
OHdG in the hippocampal CA1 region. In the sham control
group, weak 8-OHdG immunoreactivity was observed
(Fig. 3E). Four days after I/R, 8-OHdG immunoreactivity
was elevated in the CA1 region of the ischemic group
(Fig. 3F) and these increases were diminished by supple-
mentation with both low- and high-GP diets (Fig. 3F vs.
Fig. 3G; Fig. 3F vs. Fig. 3H). In the sham-operated groups,
very few TUNEL-positive cells were observed in the hippo-
campal CA1 region (Fig. 3I). However, TUNEL-positive
cells increased 4 days after I/R (Fig. 3J). Supplementation
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Figure 2. Quantification of surviving neurons, astrocytes,
and microglial cells after ischemic insult. Histograms depict
the number of (A) neurons, (B) astrocytes, and (C) microglial
cells in the hippocampal CA1 area. Sham (n = 6), sham + low
GP (n = 6), sham + high GP (n = 6), ischemia (n = 10), ische-
mia + low GP (n = 11), and ischemia + high GP (n = 11). Data
represent means + SEM. There are significant interactions
for surviving neurons (p = 0.0469) and activation of astrocytes
(p < 0.0001) and microglial cells (p = 0.0001) between GP and
ischemia. Bonferroni’s post-tests showed a significant effect
of high GP on neurons, astrocytes, and microglial cells (all p <
0.001) and low GP on them (p < 0.01 for neurons and p <
0.001 for astrocytes and microglial cells) but there were no
significant differences of these three parameters between low
and high GP (p > 0.05) on ischemia.
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with both low- and high-GP diets reduced the number and
intensity of TUNEL-positive cells as compared to those in
the ischemic brain (Fig. 3J vs. Fig. 3K; Fig. 3J vs. Fig. 3L).

Two-way ANOVA revealed significant interactions for
nuclear damage (p = 0.0026), oxidative DNA (p = 0.0177),
and apoptosis (p = 0.0025) between GP and ischemia. The
main effects of ischemia on these parameters (p < 0.0001
for all) and GP on them (nuclear damage: p = 0.001; oxi-
dized DNA: p = 0.0084, and apoptosis: p = 0.0135) were
also significant (Figs. 4A, B, and C). Bonferroni’s post-tests
showed a significant effect of high GP on nuclear damage,
oxidized DNA and apoptosis (all p < 0.001) and low GP on
them (all p < 0.001) but there were no significant differ-
ences for nuclear damage, oxidative DNA, and apoptosis
between low and high GP (all p > 0.05) on ischemia (Figs.
4A, B, and C).

4 Discussion

The Mongolian gerbil has been widely used for studies to
investigate neuronal damage due to global cerebral ische-
mia induced by transient occlusion of both common carotid

arteries [7, 32]. Four days after a 5 min ischemic treatment,
substantial DND can be observed in the hippocampal CA1
area [6]. This ischemic insult triggers the increased produc-
tion of ROS, which in turn causes cellular damage through
oxidation of macromolecules including lipids, proteins, and
DNA as well as alterations of the redox-sensitive signaling
pathways [2, 33–35]. In this study, I/R-induced an increase
in 8-OHdG immunoreactivity and TUNEL-positive cells in
the hippocampal CA1 area, indicating oxidative damage to
nuclear DNA and neuronal apoptosis [36]. Results from
previous reports have indicated that the DND in the hippo-
campus following transient global ischemia is attributed
largely to the apoptotic type [5, 6, 37, 38]. Our results
further demonstrate that oxidative stress is involved in the
I/R-mediated apoptotic cell death mechanisms. Further-
more, results in this study indicate that dietary GP supple-
ment can ameliorate both oxidative and apoptotic neuronal
death induced by I/R to the gerbils.

Besides DND, I/R also caused extensive activation of astro-
cytes and microglial cells, which are abundant in the CA1
layer with prominent dying neurons. In this study, gerbils
supplemented with GP showed less glial cell activation after
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Figure 3. Effects of dietary GP on DNA oxidation and fragmentation after transient ischemic insult. Nuclear staining (DAPI), oxida-
tive DNA (8-OHdG), and fragmented DNA (TUNEL) staining in the hippocampal CA1 subfield of gerbils at 4 days after a 5 min CCA
occlusion. For each staining type, comparisons were made among sham, ischemia, and ischemia with low (5.0 g/kg) or high dosage
(50 g/kg) of GP, which were orally supplementation for 2 months before ischemia. After ischemia, gerbils were continued with the
same diet until decapitation at 4 days after surgery. (A, B, C, D) DAPI staining; (E, F, G, H) 8-OHdG staining; (I, J, K, L) TUNEL
staining. (A, E, I) sham-operated control; (B, F, J) ischemia/reperfusion; (C, G, K) ischemia + low GP; (D, H, L) ischemia + high.
Magnification, 6006 for DAPI and 4006 for oxidized and fragmentated DNA.
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I/R as compared with the group without GP supplementa-
tion. Astrocytes are known to play an important role in
maintaining the proper environment in the brain and are
crucial for the survival of neurons [39, 40]. However,
although in vitro studies have indicated the involvement of

reactive gliosis in oxidative and inflammatory responses
[39], our results show that GP supplement not only protects
neurons from I/R-induced DND, but also diminishes glial
cell activation.

Due to the recognition that polyphenols from fruits, vegeta-
bles, and beverages have demonstrated health benefits,
there is increasing interest to under their bioavailability [21,
41]. Although much attention has been devoted to resvera-
trol in grape and red wine [42], it is also recognized that
other polyphenols, such as quercetin, catechins, flavonols,
and proanthocyanidins, are present in grapes. While resver-
atrol is enriched in grape skin and proanthocyanidin is
enriched in the seeds [12], both compounds have been
shown to offer protective effects against ischemia-induced
neuronal damage [7, 30, 43]. However, a study by Shanmu-
ganayagam et al. [44] indicated that the combination of
grape skin and grape seed extracts could elicit a greater
antiplatelet effect as compared to that applied individually
[44]. Previous studies from our laboratory demonstrated
that dietary supplement of a polyphenol extract from grape
(5 mg/100 mL of a standardized liquid diet/d) to rats for
2 months resulted in protection of the brain and liver
against oxidative damage due to chronic alcohol adminis-
tration [18, 19]. Since the polyphenol extract from grape
comprises approximately 10% of the total GP, the levels of
GP used in this study (i. e., 25 or 250 mg GP/animal/day)
are comparable to the amount used in our previous study
[18, 19]. In a recent study by Zern et al. [45], a much higher
dose (10 g/100 g) of the same GP was used in the experi-
ment with Guinea pigs. Apparently, results from the present
study indicate that the low dose of GP has already reached
maximum protection against the I/R injury. Although the
high dose of GP did not increase the protective effects,
administration of this level did not produce harmful effects
to the gerbils. These results are in general agreement with
reports by others that high doses of polyphenols are not
harmful [45, 46]. Our previous study had indicated that
resveratrol (administered by i.p. injection) can cross the
blood brain barrier [7]. Obviously, it is expected that other
polyphenols in GP may also cross the blood brain barrier to
exert their protective effects. Further studies should include
developing newmethods for monitoring the major polyphe-
nols and their glycoconjugates in the plasma and in brain.

In summary, our results demonstrate for the first time that
GP supplementation in diets can protect the brain against
neuronal damage induced by global cerebral ischemia.
Since many neurodegenerative diseases have similar oxida-
tive mechanisms, the protective properties of GP may have
wide implication in the future for prevention/protection
against stroke and neurodegenerative damages.

The study was supported by DHHS 5P01 ES10535, 1P01
AG18357 from NIH and a grant from the California Table

449

i 2005WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.mnf-journal.de

Figure 4. Quantification of nuclear damage, DNA oxidation,
and fragmentation after ischemia insult. Histograms depicting
grading scores of nuclear damage (DAPI, A), oxidative DNA
(8-OHdG, B), and fragmented DNA (TUNEL, C) in hippocam-
pal CA1 area. Sham (n = 6), sham + low GP (n = 6), sham+-
high GP (n = 6), ischemia (n = 10), ischemia + low GP (n = 11)
and ischemia + high GP (n = 11). Data represent means +
SEM. There are significant interactions for nuclear damage
(p = 0.0026), oxidative DNA (p = 0.0177), and apoptosis (p =
0.0025) between GP and ischemia. Bonferroni’s post-tests
showed a significant effect of high GP on nuclear damage, oxi-
dized DNA, and apoptosis (all p < 0.001) and low GP on them
(all p < 0.001) but there were no significant differences for
nuclear damage, oxidative DNA, and apoptosis between low
and high GP (all p > 0.05) on ischemia.
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Grape Commission. The authors are grateful to Alisa
Nettles-Strong for assistance in the preparation of this
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