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ABSTRACT: Vascular dementia is characterized by white matter lesions involving the demyelination and activation of as-
trocytes and microglia. In a previous study, we showed that the supernatant of a laboratory-scale, hot water extract of 
ground whole wheat (TALE) attenuated white matter injury and astrocytic activation in a rat model of bilateral common 
carotid artery occlusion (BCCAO). In the present study, we made several modifications to the hot water extraction proc-
ess to remove starch and enable large-scale production. We used wheat bran (WB), which contains less starch, instead of 
ground whole wheat. In addition, we removed starch granules with a decanter before hot water extraction. The final 
product, wheat bran extract (WBE), contained 2.42% arabinose, a surrogate marker of arabinoxylan, which is an active 
constituent of WBE. Supplementation of the rat model of BCCAO with WBE (400 mg/kg/day) for 33 days attenuated 
white matter injury, which was assessed by Luxol Fast Blue staining, in the corpus callosum (cc) and optic tract (opt) 
regions. Attenuation of white matter injury in the opt region was accompanied by improvement of the pupillary light 
reflex. Immunochemical staining revealed that supplementation with WBE reduced astrocytic activation in the cc and opt 
regions and reduced microglial activation in the opt region. These findings indicate that supplementation with WBE is ef-
fective at attenuating white matter injury accompanied by the inhibition of astrocytic and microglial activation. Therefore, 
extracts from WB, a cheap by-product of wheat milling, can be developed as a nutraceutical to prevent vascular dementia, 
a disease for which there is no approved pharmaceutical treatment.
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INTRODUCTION

Vascular dementia is the second most common form of 
dementia, after Alzheimer’s disease. Vascular dementia 
accounts for approximately 30% of dementia cases in 
Asian countries and 10% of dementia cases in Western 
countries (1,2). Vascular dementia is caused by vascular 
lesions and can be classified into three major types: sub-
cortical vascular dementia, multi-infarct dementia, and 
strategic dementia. Subcortical vascular dementia is the 
most prevalent type of dementia, accounting for approx-
imately 50% of vascular dementia cases (3). The prom-
inent pathological features of subcortical vascular de-
mentia are confluent white matter lesions characterized 
by a loss of oligodendrocytes that leads to demyelina-
tion, vacuolization, astrocytic activation (also known as 
astroglial), and microglial activation (4-6). These patho-
logical features are caused by incomplete white matter 
infarction due to reduced blood supply to the region, 
such as chronic hypoperfusion (4). While a variety of 

pharmaceutical clinical trials have been conducted, no 
drug to prevent or treat vascular dementia has been ap-
proved by any regulatory agency (7). Thus, there is an 
urgent need to develop nutraceuticals to prevent vas-
cular dementia.

The rat bilateral common carotid artery occlusion 
(BCCAO) model has been widely used to study sub-
cortical vascular dementia, as it mimics the pathological 
events that occur in this disease (Fig. 1A) (8,9). The 
BCCAO model reflects human subcortical vascular de-
mentia well in that it induces white matter injury with 
demyelination, vacuolization, and astrocytic and micro-
glial activation (10,11).

A wheat grain is comprised of the endosperm, the 
bran layers, and the germ (12). Each part of the grain is 
composed of a varying distribution of starch, protein, 
and cell wall (13). The cell walls consist predominantly 
of nonstarch-polysaccharides (NSP), such as arabinox-
ylan (AX) and β-glucan, with minor amounts of arabino-
galactan-peptide and glucomannans (13,14). AX is com-
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Fig. 1. Schematic diagrams of BCCAO model and white matter locations. (A) Bilateral common carotid arteries (BCCA) were occluded
by ligation with 4-0 silk sutures. CCA, ICA, and OA represent common carotid artery, internal carotid artery, and occipital artery,
respectively. (B) The three white matter locations that were examined in this study: the corpus callosum (cc), internal capsule (ic),
and optic tract (opt) regions. The section shown is located at -2.8 mm from the bregma (23).

prised of a linear D-xylose (xyl) chain backbone with 
L-arabinose (ara) side chains (13,14). The process of 
milling produces wheat flour from the wheat grain endo-
sperm, leaving the rest of the grain [i.e., the wheat bran 
(WB) layers with variable amounts of remaining endo-
sperm] as wheat bran (15). Whole wheat grains are ap-
proximately 65% starch, 15% protein, and 10% NSP, 
whereas wheat bran is approximately 25% starch, 20% 
protein, and 30% NSP (15). Although whole wheat 
grains and wheat bran contain very different levels of to-
tal AX (6% wt/wt vs. 17% wt/wt), they contain com-
parable levels of water-extractable AX (approximately 
0.5% wt/wt) (16).

In a previous attempt to develop a nutraceutical that 
prevents vascular dementia, we found that the super-
natant of a laboratory-scale, hot water extract of ground 
whole wheat (Triticum aestivum L.) (TALE) with batch 
type centrifuges attenuated white matter injury and as-
trocytic activation in a rat BCCAO model, leading to 
memory improvement (17). To determine the active 
constituents of TALE, we used the same animal model 
to test the effects of several TALE components on white 
matter lesions. The results of those experiments re-
vealed that AX was an active constituent (17). The re-
sults of our previous experiment encouraged us to devel-
op TALE as a nutraceutical that contains AX as an active 
component. However, when we attempted to produce 
TALE on an industrial scale with continuous-type cen-
trifuges, we encountered difficulties with the removal of 
gelatinized starch, which is necessary to maintain a high 
level of AX in the TALE.

Once starch granules from wheat have reached the ge-
latinization temperature (about 60oC), they gelatinize to 
form a paste. The resultant paste cannot be restored to 
its starch-granule form and transforms to a gel when 
cooled below the gelatinization temperature (18). Both 
the paste and the gel were difficult to remove with a 
continuous-type centrifuge (data not shown). In the 
present study, we used wheat bran, which contains less 

starch than whole grains, as a starting material to cir-
cumvent the problem of removing the gelatinized starch. 
In addition, we used a decanter centrifuge to remove 
starch granules before they could be gelatinized by heat-
ing (19). Using this method, we were able to produce a 
wheat bran extract (WBE) with approximately 10% 
yield. In the present study, we examined whether WBE 
could protect white matter against chronic hypo-
perfusion injury in a rat BCCAO model. To ensure the 
quality of the WBE produced, it was necessary to meas-
ure the concentration of AX, an active constituent in 
WBE. However, it is difficult to measure the content of 
AX in WBE directly. Thus, we measured the ara content 
of WBE after its polysaccharides had been hydrolyzed by 
acid. The ara content of the acid hydrolyzed WBE was 
used as a surrogate marker of the AX content of WBE 
because ara is also an active component of WBE that has 
been shown to attenuate white matter injury (17).

MATERIALS AND METHODS

Preparation of WBE
Wheat bran, a milling by-product of a domestic wheat 
variety, was purchased from a cultivator in Korea. The 
following procedure was used to produce WBE used in 
the current study (Fig. 2): (1) The wheat bran was 
sieved to remove small particles, which were mostly 
composed of starch; (2) The wheat bran was stirred 
with 5-parts (wt/wt) cold water in a 500 L extractor 
(BestKorea, Daejon, Korea) to remove starch granules 
from the wheat bran; (3) The cold extract was sieved 
and washed with 5-parts (wt/wt) cold water a second 
time to separate the filtrate from the remnant wheat 
bran, the filtrate was designated “cold filtrate”; (4) The 
cold filtrate was centrifuged with a decanter centrifuge 
(PTM 300, TOMOE Engineering Co., Ltd., Tokyo, 
Japan) to obtain a supernatant; (5) The supernatant 
was mixed with the remnant wheat bran and stirred in 
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Fig. 2. A schematic diagram of wheat bran extract (WBE) 
preparation. Wheat bran was stirred in an extractor with cold 
water to separate the starch granules from the wheat bran, 
yielding cold filtrate and remnant wheat bran. The cold filtrate 
fraction was centrifuged with a decanter to separate the super-
natant from the precipitated starch granules. Then, the super-
natant and remnant wheat bran were combined and extracted 
with hot water to produce hot filtrate. The hot filtrate was con-
centrated and dried with a spray dryer to produce WBE.

an extractor at approximately 95oC; (6) The hot extract 
obtained was sieved to yield “hot filtrate”; (7) The hot 
filtrate was concentrated with a vacuum dryer (HyoSung, 
Incheon, Korea) and dried with a spray dryer (YooJin 
Tech., Pyeongtaek, Korea) to yield the final product, 
which was designated “wheat bran extract” (WBE). 
The WBE was kindly provided by DongA One Corp. 
(Seoul, Korea).

WBE chemical composition analysis 
The WBE nutrient analysis was performed according to 
the Korean Food Standard Codex (20). The moisture, 
fat, protein, and ash contents (wt%) were measured by 
the heating drying method, the ester extraction method, 
the Kjeldahl method, and the ash test method, respec-
tively. The carbohydrate content (wt%) was calculated 
by difference. In addition, the total, insoluble, and solu-
ble dietary fiber contents were measured by the enzy-
matic-gravimetric method.

Analysis of neutral monosaccharide composition of WBE 
The neutral monosaccharide composition of WBE was 
determined as previously described (21). WBE (5∼20 
mg) was hydrolyzed with 0.5 mL of 2 M trifluoroacetic 
acid (TFA) at 121oC for 60 min. After cooling to room 
temperature, 25 μL of 20 mg/mL allose (internal stand-
ard) was added and the solution was mixed well. Each 
mixture was filtered through a 0.22 μm PTFE filter unit 
(13 mm) equipped with a 3 mL syringe. The filtrate was 
evaporated to dryness under a stream of nitrogen gas. 
One hundred microliters of water and 20 μL of 15 M 
ammonia were added to the dried hydrolysate, and the 
hydrolysate was reduced with 1 mL of 0.5 M sodium 
borohydride in dimethyl sulfoxide (DMSO) for 90 min 

40oC. At the end of the reaction, the excess sodium bor-
ohydride was destroyed with 100 μL of 18 M acetic acid. 
Then, 200 μL of 1-methylimidazole and 2 mL of acetic 
anhydride were added and the mixture was incubated 
for 10 min at room temperature. To destroy the excess 
acetic anhydride, 5 mL of water was added and the mix-
ture was allowed to cool. Alditol acetates were extracted 
from the mixture with 1 mL of dichloromethane (DCM) 
two times. The DCM extracts were combined and wash-
ed four times with 4 mL aliquots of water. Alditol ace-
tates were obtained after evaporating the DCM under a 
stream of nitrogen gas. The resulting samples (i.e., aldi-
tol acetates) were dissolved in 2 mL of DCM, and 1 μL 
of each sample was injected for gas chromatography 
(GC) analysis. The alditol acetates were separated on a 
BPX70 column (SGE; 25 m×0.32 mm i.d.; 0.25 μm film 
thickness) in an Agilent 7890A gas chromatograph 
(Agilent Technologies, Loveland, CO, USA) equipped 
with an autosampler, splitter injection port (split ratio 
10:1), and flame ionization detector (FID). The carrier 
gas was helium (1.2 mL/min). The initial oven temper-
ature was set at 38oC and maintained for 30 s, increased 
to 170oC at 50oC/min, and then increased to 230oC at 
2oC/min and held at 230oC for 5 min. The injection tem-
perature was 230oC and the detector temperature was 
held at 250oC. The total run time was about 38 min.

Animals
Eight-week-old, male Sprague-Dawley (SD) rats with a 
body weight of approximately 300 g were purchased 
from Samtako Inc. (Osan, Korea). Experiments were car-
ried out according to the Guide for the Care and Use of 
Laboratory Animals. Protocols were approved by the 
Institutional Animal Care and Research Advisory Com-
mittee of Catholic University, Daegu, Korea. Animals 
were housed with diet and water available ad libitum un-
der diurnal lighting conditions, and in a temper-
ature-controlled environment until the start of the 
experiment.

Diet administration
The rats were randomly assigned to one of the three 
groups: (1) sham (n=6), (2) control (n=6), and (3) 
WBE-treated (400 mg WBE/kg/day) (n=6). Rats in the 
WBE-treated group were fed 15 g of WBE diet per day 
for 5 days before and for 4 weeks after undergoing 
BCCAO injury. The WBE diet was prepared by mixing 8 
g of WBE with 992 g of the diet. Once the rats con-
sumed all the WBE diet, more diet was provided ad 
libitum. Rats in the sham and control groups, rats were 
fed the diet only. The body mass, diet consumption, and 
water consumption of each rat were measured daily 
throughout the experimental period.
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Fig. 3. Pupillary light reflex of a rat’s
eye. When a rat has a normal pupil-
lary light reflex, the pupil (A) con-
stricts in the presence of light and 
(B) expands in the darkness.

Generation of BCCAO model
BCCAO was used as previously described (Fig. 1A) (17) 
to induce a moderate reduction of cerebral blood flow to 
the forebrain of rats in the control and WBE groups. 
Prior to BCCAO, the rats in all groups were anesthetized 
with isoflurane (Hana Pharmaceutical Inc., Seoul, Korea) 
in a mixture of oxygen/nitrous oxide (20%/80%) during 
surgical procedures. In the control and WBE-treated 
groups, the left and right common carotid arteries were 
exposed through a midline incision and ligated with 4-0 
silk suture. In the sham group, the experimental proce-
dures were the same, except that the common carotid 
arteries were not ligated. During surgery, rectal temper-
atures were maintained at 37±0.5oC with a thermostati-
cally controlled warming plate (Harvard Apparatus, Hol-
liston, MA, USA). After 4 weeks of BCCAO, the pupil-
lary reflex of all rats was assessed. Subsequently, the 
rats were euthanized and the brains were harvested for 
the further study.

Assessment of pupillary light reflex (PLR)
PLR was assessed as an indicator of optic nerve degener-
ation using a slightly modified adaptation of a previously 
described method (22). The pupillary reflexes of each rat 
were examined before surgery to confirm normal func-
tioning. Briefly, each rat was adapted to darkness for at 
least 5 min. Then one eye was exposed to a beam of 
light from an otoscope and the reflex response was 
assessed. The rat was allowed to readapt to darkness for 
approximately 1 min and the reflex response of the oth-
er eye was assessed in the same way as the first. Loss of 
PLR was defined as failure of the pupil to constrict after 
a 10-sec exposure to light (Fig. 3).

Luxol Fast Blue staining 
Injury to the white matter region of the brain was as-
sessed by Luxol Fast Blue staining as previously de-
scribed (17). Briefly, the brain was excised under anes-
thesia and cut into slices. The slices included the corpus 

callosum (cc), the internal capsule (ic), and the optic 
tract (opt) regions, which, according to the atlas of 
Paxinos and Watson (23), are located −2.64 to 3.14 
mm from the bregma (Fig. 1B). The brain slices were 
fixed in formalin, embedded in paraffin, and cut into 5 
μm sections. After deparaffinization, three sections from 
each rat brain were selected and stained with Luxol Fast 
Blue (24). The cc, ic, and opt regions of each section 
were identified (25) (Fig. 1B). The severity of injury in 
the three regions was assessed by an examiner blinded 
to the experimental conditions and graded as normal 
(Grade 0), presence of disarranged nerve fibers (Grade 1), 
formation of marked vacuoles (Grade 2), or absence of 
myelinated fibers (Grade 3) (26).

Immunohistochemical staining
Morphological changes to astrocytes and microglia in 
the white matter region were assessed by immu-
nohistochemical staining as described previously (17). 
Five-micrometer thick sections were cut from paraf-
fin-embedded brain slices. After deparaffinization, the 
sections were treated with 0.03% H2O2 and blocked in 
1% bovine serum albumin and 5% normal serum. The 
sections were then incubated with primary antibodies 
against glial fibrillary acidic protein (GFAP, 1:100; BD 
Biosciences, San Diego, CA, USA) or ionized calcium 
binding adaptor molecule 1 (Iba1, 1:200; Wako, Osaka, 
Japan). After washing, the anti-GFAP treated sections 
were incubated in biotinylated horse anti-mouse IgG 
secondary antibody (1:200; Vector Laboratories, Inc., 
Burlingame, CA, USA) and the anti-Iba1 treated sec-
tions were incubated in HRP conjugated goat anti-rabbit 
IgG secondary antibody (1:200; Vector Laboratories, 
Inc.). Then all sections were incubated with an avi-
din-biotin peroxidase complex solution using the Vector 
ABC kit (Elite Vectastain ABC kit, Vector Laboratories, 
Inc.). The immunoreacted sections were visualized with 
a solution containing diaminobenzidine (DAB substrate; 
Roche Diagnostics Deutschland GmbH, Mannheim, 
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Table 1. Neutral monosaccharide composition of WBE

Mean (wt%) SEM

Rhamnose
Fucose
Ribose
Arabinose
Xylose
Mannose
Galactose
Glucose
Total

 0.00
 0.00
 0.00
 2.42
 3.78
 0.42
 2.27
41.79
50.68

0.00
0.00
0.00
0.02
0.05
0.01
0.03
0.67
0.77

Glucose is derived from starch and β-glucan.

Germany). Images of the immunostained sections were 
captured with an Olympus microscope (Olympus, 
Tokyo, Japan). The GFAP- and Iba1-positive cells were 
counted, and the relative values of GFAP- and Iba1-posi-
tive cells for the control and WBE-treated groups were 
determined by normalization to the mean number of 
GFAP- and IBA1-positive cells counted in the sham 
group sections.

Statistical analyses
Values are expressed as mean±SEM. A statistical analysis 
for multiple comparisons was performed with one-way 
ANOVA, followed by the Tukey post-hoc test. SPSS soft-
ware (IBM SPSS Statistics version 19, IBM, Armonk, 
NY, USA) was used for all statistical analyses. P<0.05 
was used as the criterion for statistical significance.

RESULTS

Effect of starch granule removal by decanter centrifugation 
on ara content
A decanter centrifuge was used to remove starch gran-
ules from wheat bran because this type of centrifuge can 
be used to separate a mixture containing a larger amount 
of solids and solids of a larger particle size than a disc 
stack centrifuge (Fig. 2) (27). Approximately half (46%) 
of the solids in the cold filtrate were removed by decant-
er centrifugation, which increased the ara content of the 
supernatant from 1.1% to 2.0%. Therefore, the use of 
decanter centrifugation to remove starch granules from 
wheat bran was a suitable method for increasing the AX 
concentration of WBE.

Characterization of WBE
The nutrient analysis revealed that WBE consists of 3.3 
wt% moisture, 0.9 wt% fat, 15.2 wt% protein, 14.1 wt% 
ash, and 66.5 wt% carbohydrate. The dietary fiber analy-
sis revealed that WBE also contains 11.8 wt% water- 
soluble dietary fiber, which represents 17.7% of the wt% 
value obtained for carbohydrate.

The following sequence of steps was used to assess the 

compositions of the neutral monosaccharides present in 
WBE: (1) TFA was used to hydrolyze WBE to its con-
stituent monosaccharides; (2) The aldose monosac-
charides generated were reduced to their corresponding 
alditols; (3) Alditols were acetylated to their correspond-
ing alditol acetates; (4) The resultant alditol acetates 
were identified and quantified by gas chromatography, 
allose was used as an internal standard (21). The neutral 
monosaccharides composition of WBE is presented in 
Table 1. Of the monosaccharides detected, arabinose 
(2.42 wt%), xylose (3.78 wt%), and mannose (0.42 
wt%) are derived only from the cell wall polysac-
charides. Galactose and glucose are derived from nu-
trients and cell wall polysaccharides. Because TFA was 
used to hydrolyze WBE, cellulose was not hydrolyzed; 
thus, the glucose contained in cellulose was not in-
cluded in the monosaccharide analysis. In total, 56% of 
the total dietary fiber detected in WBE was in the form 
of arabinose and xylose, which are components of AX, 
or mannose. The remaining 44% of the total dietary fi-
ber present in WBE is likely composed of galactose, 
which is found in arabinogalactan, and glucose, which is 
found in β-glucan.

Beneficial effect of WBE on white matter injury 
To assess the beneficial effect of WBE on white matter 
injury, rats were fed a diet containing WBE (400 mg 
WBE/kg/day) for 5 days before and for 4 weeks after un-
dergoing BCCAO injury. The dosage of WBE (400 
mg/kg/day) was chosen based on a previous finding that 
showed a protective effect of 400 mg TALE/kg/day in 
the same BCCAO model (17). After 4 weeks of BCCAO, 
there was no significant difference in weight gain, daily 
diet consumption, or daily water consumption among 
groups. For example, the average body weight of rats in 
the sham, control, and WBE-treated groups was 424± 
13.3 g, 422±2.0 g, and 416±4.0 g, respectively (P>0.05, 
n=6). Luxol Fast Blue staining was used to stain the 
myelin present in formalin-fixed brain sections. Among 
the white matter regions examined in this study, pre-
vious work indicates that the opt region is the most vul-
nerable to BCCAO injury, due to its dependence on the 
direct supply of blood from the internal carotid artery 
(Fig. 1A). The cc region is also susceptible to damage, 
whereas the ic region appears to be better protected 
(10). Thus, we focused on the damage that occurred in 
the opt and cc regions of the brain.

In the qualitative assessment, representative sections 
from the control group showed that BCCAO caused 
white matter injury in the cc and opt regions. The 
BCCAO-induced injury involved disarrangement and dis-
appearance of the axons and myelin sheaths of nerve fi-
bers, which led to white matter rarefaction, including va-
cuolization (Fig. 4A). Similar signs of injury were ob-
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Table 2. Effect of wheat bran extract (WBE) intake on pupillary light reflex (PLR)

Experimental group Loss of PLR in both eyes Loss of PLR in one eye PLR maintained in both eyes 

  Sham
  Control
  WBE (400 mg/kg/day)

0 (0%)
 3 (50%)
 2 (33%)

0 (0%)
 2 (33%)
 1 (17%)

 6 (100%)
1 (17%)
3 (50%)

served in the TALE-supplemented rats of our previous 
study (17). Representative sections from the WBE-treat-
ed group showed that supplementation with WBE atten-
uated BCCAO-induced injury (Fig. 4A). In the quantita-
tive assessment, the severity of white matter injury was 
scored from Grade 0 to Grade 3. In the cc region, white 
matter injury was significantly reduced by 36.9% in the 
WBE-treated group compared with the control group 
(1.13±0.13 vs. 1.79±0.11, P<0.001) (Fig. 4B). In the 
opt region, white matter injury was significantly reduced 
by 56.1% in the WBE-treated group compared with the 
control group (0.83±0.34 vs. 1.89±0.34, P<0.05).

Effect on PLR
Because ischemic damage to the optic nerve causes loss 
of PLR in the BCCAO model (22) and WBE supple-
mentation attenuated the damage observed in the opt 

region of the brains in this study, we assessed whether 
or not WBE supplementation could improve the PLR. In 
the sham group, 6 (100%) rats were positive for the PLR 
in both eyes (Table 2). However, in the control group, 3 
(50%) rats lost the PLR in both eyes, 2 (33%) rats lost 
the PLR in one eye, and only 1 (17%) rat retained the 
PLR in both eyes. In contrast, in the WBE-treated group, 
2 (33%) rats lost the PLR in both eyes, 1 (17%) rat lost 
the PLR in one eye, and 3 (50%) rats retained the PLR 
in both eyes. Thus, WBE intake-related preservation of 
white matter in the optic tract is associated with im-
provement of the PLR.

Effect of WBE on astrocytic activation 
Because cerebral ischemia generated by chronic hypo-
perfusion triggers astrocytic activation (i.e., astroglial ac-
tivation), which is manifested by an increase in inter-

Fig. 4. Luxol Fast Blue staining of white matter. (A) Photomicro-
graphs of Luxol Fast Blue-stained white matter sections (200×):
(a), (d) sham group; (b), (e) control group; (c), (f) WBE-treated 
group; (a)−(c) and (d)−(f) depict the corpus callosum (cc) and
optic tract (opt) regions, respectively. (B) Quantitative analysis 
of the extent of white matter damage (n=6 rats per group). The 
white matter damage in the cc and opt regions were graded 
as normal (Grade 0), presence of disarranged nerve fibers 
(Grade 1), formation of marked vacuoles (Grade 2), and absence
of myelinated fibers (Grade 3). ***P <0.001, *P <0.05 vs. control
group. ###P <0.001, ##P <0.01 vs. sham group.
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mediate filaments, cellular hypertrophy, and astrocyte 
proliferation (10,28,29), we assessed astrocytic activa-
tion using immunohistochemical staining against GFAP, 
an astrocyte-specific intermediate filament (30). In the 
qualitative assessment, representative sections from the 
control group showed that BCCAO increased the num-
ber of GFAP-positive astrocytes, and that each positive 
cell from the control group was more intensely im-
munostained than those from the opt and cc regions of 
the sham group (Fig. 5A). These observations are con-
sistent with previous reports that astrocytic activation 
involves cellular hypertrophy and proliferation (17). On 
the other hand, representative sections from the 
WBE-treated group showed that supplementation with 
WBE reduced the number of GFAP-positive cells, and 
that each stained cell was less intensely immunostained 
than those from the opt and cc regions of the control 
group (Fig. 5A). In the quantitative assessment, the ex-
tent of astrocytic proliferation was evaluated by counting 
the number GFAP-positive cells (Fig. 5B) in each sec-
tion. The number of GFAP-positive cells was signi-
ficantly attenuated in the WBE-treated group compared 
with the cc (1.24±0.04 vs. 1.47±0.04, P<0.01) and opt 
(1.20±0.12 vs. 1.72±0.21 P<0.05) regions from the 

control group. These findings indicate that supplementa-
tion with WBE attenuates astrocytic activation in the cc 
and opt regions.

Effect of WBE on microglial activation 
Because cerebral ischemia generated by chronic hypo-
perfusion induces rapid microglial activation that in-
volves morphological changes and proliferation (10,31), 
we assessed microglial activation using immunohisto-
chemical staining against Iba1, a microglia-specific cal-
cium-binding protein (32). In the qualitative assess-
ment, representative sections from the control group 
showed that BCCAO increased the number of Iba1-posi-
tive microglia in the opt region, and that each positive 
cell was more intensely immunostained than those from 
the sham group (Fig. 6A). These observations were con-
sistent with previous reports that microglial activation in-
volves microglial hypertrophy and proliferation (31,33). 
On the other hand, representative sections from the 
WBE-treated group showed that supplementation with 
WBE reduced the number of Iba1-positive cells and that 
each positive cell was less intensely immunostained than 
those from the opt region of the control group (Fig. 6A). 
In the quantitative assessment, the extent of microglial 

Fig. 5. Immunochemical staining of astrocytes for GFAP. (A) 
Photomicrographs of white matter sections showing immu-
nochemical staining of astrocytes for GFAP (100×): (a), (d) sham 
group; (b), (e) control group; (c), (f) WBE-treated group; (a)−(c)
and (d)−(f) depict the corpus callosum (cc) and optic tract (opt)
regions, respectively. (B) Quantitative analysis of GFAP-positive 
cells. The relative numbers of GFAP-positive cells in the cc and
opt regions were determined by normalization to the number 
of GFAP-positive cells detected in the sham group (n=6 rats 
per group). **P <0.01, *P <0.05 vs. control group. ###P <0.001, 
##P <0.01, #P <0.05 vs. sham group.
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proliferation was evaluated by counting Iba1-positive 
cells (Fig. 6B). The number of Iba1-positive cells was 
significantly attenuated in the opt region of the WBE- 
treated group compared with the opt region of the con-
trol group (3.35±0.49 vs. 4.95±0.49, P<0.05). These 
findings indicate that supplementation with WBE at-
tenuates microglial activation in the opt region.

DISCUSSION

In the present study, we showed that supplementation 
with WBE protected against white matter injury in the 
cc and opt regions of a rat BCCAO model. Attenuation 
of damage in the opt region was associated with im-
provement in PLR. This protection was accompanied by 
a reduction of astrocytic activation in the cc and opt re-
gions, and by reduction of microglial activation in the 
opt region.

In our previous study, we prepared TALE by grinding 
whole wheat, extracting the ground wheat with hot wa-
ter (approximately 90∼95oC), centrifuging the extract 
in a batch-type centrifuge at 14,000 g for 30 min, and 
then drying the supernatant. We showed that supple-
mentation with TALE (400 mg/kg/day), AX (20 mg/kg/ 
day), and ara (50 mg/kg/day) attenuated white matter 
injury in a rat BCCAO model (17). However, when we 
tried to prepare TALE on a larger scale with a disc stack 
centrifuge, which is continuous-type centrifuge (27,34), 
we found that a lower residence time and clogging made 

it difficult to efficiently remove the gelatinized starch 
from the TALE. To solve the problem of removing 
starch, we first decided to substitute wheat bran for the 
whole wheat used in the previous study. Wheat bran 
was selected because it contains less starch than whole 
wheat, is a by-product of wheat milling and is therefore 
more affordable than whole wheat (35), and contains a 
comparable level of water-extractable AX (approximately 
0.5 wt%) (16). Next, we decided to remove the starch 
from the wheat bran before the starch is gelatinized by 
heating (i.e., when they were still in granule form) be-
cause the starch granules can be easily removed from 
wheat bran by stirring in low temperature water (4oC) 
(36). A decanter centrifuge was used to remove the 
starch granules from the wheat bran because this type of 
centrifuge can be used to separate a mixture containing 
larger amounts of solids and larger-sized particles than a 
disc stack centrifuge (27). Decanters have been used to 
separate starch granules from wheat flour during the 
Alfa-Laval/Raisio process (19). Approximately half (46 
wt%) of the solid in the filtrate was removed by applying 
decanter centrifugation. This increased the content of 
ara, a surrogate marker of AX, from 1.1 wt% to 2.0 wt%. 
Therefore, the use of decanter centrifugation to remove 
starch granules from wheat bran is a suitable procedure 
for increasing the concentration of AX, an active con-
stituent, during WBE production. The final ara concen-
tration of the WBE produced with this method was 2.42 
wt%.

To investigate whether WBE might be effective at pre-

Fig. 6. Immunochemical staining of microglia for Iba1. (A) Photo-
micrographs of white matter sections showing immunochemical 
staining of microglia for Iba1 (200×): (a) sham group; (b) control 
group; (c) WBE-treated group; (a)−(c) depict the optic tract region 
(opt). (B) Quantitative analysis of Iba1-positive cells. The relative 
numbers of Iba1-positive cells in the opt region were determined 
by normalization to the number of Iba1-positive cells detected in
the sham group (n=6 rats per group). *P <0.05 vs. control group. 
###P <0.001, #P <0.05 vs. sham group.
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venting vascular dementia, we chose a rat BCCAO mod-
el because this model mimics the pathological events oc-
curring in subcortical vascular dementia (SVD) (8,9). 
Because one prominent feature of SVD is diffuse white 
matter damage, a reduction of white matter damage 
might be beneficial for preventing vascular dementia. 
Supplementation with WBE protected the cc and opt re-
gions of white matter against the effects of BCCAO-in-
duced chronic hypoperfusion and prevented loss of the 
PLR. Thus, protection of white matter in the opt region 
by supplementation with WBE might result in pre-
vention of PLR loss because white matter injury in the 
opt region is associated with loss of the PLR (22,37). 
This beneficial effect is applicable to humans because 
the retinal ischemia that is observed in the BCCAO 
model can be caused by carotid artery disease (38).

During brain injury caused under ischemic conditions, 
microglia (i.e., the tissue macrophages of the brain) be-
come activated first, which involves microglial hyper-
trophy and proliferation (29,31,39). In the present 
study, we showed that supplementation with WBE sup-
pressed microglial activation in the opt region. This out-
come can be explained by two different underlying 
mechanisms. Firstly, microglial activation may serve as 
an index of brain injury (29,40). Thus, attenuation of 
brain injury through WBE intake should result in the 
suppression of microglial activation. Secondly, microglial 
activation may act as a direct cause of brain injury. 
Overactivated microglia can induce highly neurotoxic ef-
fects by releasing excessive cytotoxic factors such as re-
active oxygen species and proinflammatory cytokines 
(29,41). Furthermore, agents that suppress microglial 
activation can protect against brain ischemia. For exam-
ple, minocycline, a tetracycline family antibiotic, and 
edaravone, a novel free radical scavenger, inhibit micro-
glial activation, leading to a reduction of brain injury 
(10,42). Thus, suppression of microglial activation 
through WBE intake should attenuate brain injury. 
Cerebral ischemia also triggers astrocytic activation, 
which is manifested by an increase in the number of in-
termediate filaments, cellular hypertrophy, and astrocyte 
proliferation (10,28,29). In this study, we showed that 
supplementation with WBE suppressed astrocytic activa-
tion in the cc and opt regions. This finding may be asso-
ciated with an attenuation of brain injury because as-
trocytic activation occurs in most pathologies of the 
brain and retina (28).

In our previous study, we showed that AX was an ac-
tive constituent of WBE. However, wheat bran does con-
tain phenolic compounds (43), and phenolic compounds 
prepared from green tea have exhibited beneficial effects 
in the same rat model used in this study (44). Thus, we 
explored the possibility that the phenolic compounds 

present in WBE may also contribute significantly to the 
observed beneficial effects. WB contains approximately 
3∼4 mg of gallic acid equivalents of phenolic com-
pounds/g, of which ferulic acid is the major component 
(43). The 300 g rats used in this study consumed ap-
proximately 120 mg of WBE/day, which is equivalent to 
approximately 1.2 g of WB (10% WBE yield from WB). 
Therefore, the rats in this study consumed approx-
imately 4∼5 mg of phenolic compounds/day. However, 
each rat probably consumed less than 5 mg of phenolic 
compounds/day because the maximum calculated con-
centration of ferulic acid in WBE (3%; 4 mg ferulic 
acid/120 WBE) is much higher than the saturation con-
centration of ferulic compounds in 50oC water (0.2%) 
(45). A previously published manuscript reported that 4 
to 8 weeks of supplementation with 120 mg of green tea 
polyphenols/300 g rat/day yielded beneficial effects in a 
rat model of BCCAO (44). As a result, it is most likely 
that the phenolic compounds in WBE did not contribute 
significantly to the observed beneficial effects because 
the amount of phenolic compounds (5 mg/day) con-
sumed by the rats in this study was too small. Therefore, 
we conclude that the phenolic compounds present in 
WBE may not significantly contribute to the beneficial 
effects of WBE.

In summary, we developed a process for removing 
starch with a decanter centrifuge before the starch could 
be gelatinized by heating. Application of this process in-
creased the concentration of arabinoxylan, an active con-
stituent, in wheat bran extract (WBE). We also demon-
strated that supplementation with WBE attenuates 
white matter injury in the cc and opt regions of the brain 
and suppresses astrocytic and microglial activation in a 
rat BCCAO model. These results indicate that WBE pro-
duced from wheat bran, a cheap by-product of wheat 
milling, can be developed as a nutraceutical to prevent 
vascular dementia.
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