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Alzheimer’s disease and type 2 diabetes are very
serious diseases with the latter having been sug-
gested to cause the former. We prepared super-hard
rice bread blended with black rice bran (SRBBB),
which contained a high amount of resistant starch
that showed strong inhibitory activities against
β-secretase and acetylcholinesterase even after heat-
ing. Black rice bran showed greater β-secretase inhi-
bitory activity (3.6-fold) than Koshihikari rice. The
bran contained more oleic acid and anthocyanin,
meaning that it is potentially a biofunctional food
with a high antioxidant capacity. Furthermore, aged
mice, which were fed a SRBBB diet for four weeks,
showed lower amyloid β 40 peptide in the blood
than mice fed a commercial diet (p < 0.01). Addi-
tionally, their initial blood glucose levels (BGLs)
after 12 weeks of being fed SRBBB were signifi-
cantly lower than those in the control group. Taken
together, our results indicate SRBBB shows promise
for inhibiting not only amyloid β production, but
also abrupt increases in postprandial BGLs.

Key words: Alzheimer’s disease; diabetes; β-secretase;
acetylcholineesterase; rice

Alzheimer’s disease affects more than 25 million
people worldwide and is the most common form of
dementia.1) β-amyloid precursor protein (APP) is
processed to generate β-amyloid (Aβ) by β- and
γ-secretase, in a highly regulated process. Many drugs
have been approved for the treatment of Alzheimer’s
disease, at different stages of the disease, although they
all have limited efficacy.

Recent epidemiological studies have suggested a link
between Alzheimer’s disease and type 2 diabetes melli-
tus associated with insulin resistance.2–5) Diabetes is a
lifestyle disease, and its prevention and treatment are

extremely important. Low glycemic index (GI) foods
inhibit rapid increases in blood glucose and insulin
secretion after meals. The glycemic effect of food
depends on numerous factors such as the structure of
amylose and amylopectin.6) The amylopectin found in
amylose extender (ae) mutants of rice contains more
long-chain glucans, thereby making the texture of the
rice grains very hard and non-sticky after boiling,
which renders it less palatable as boiled rice.7) Thus,
the gelatinization temperatures of ae mutant rice
starches are very high; however, they are promising in
the production of low-GI foods such as breads or noo-
dles, and may help prevent diabetes because they con-
tain a substantial amount of resistant starch even after
boiling.8,9) The ae mutant rice cultivar Konayukinomai
(KOY) has been developed by the National Agricul-
tural and Food Research Organization (NARO). The
amylopectin starch of KOY has fewer short-branched
glucans and more long chains, is resistant to gelatiniza-
tion, and the boiled rice grains are non-sticky and brit-
tle. In a previous study, we developed a novel method
for inhibiting postprandial blood glucose levels (BGLs)
in Sprague–Dawley rats by preparing boiled rice grains
of KOY soaked with functional food ingredients.10,11)

Moreover, this has recently been tested in human sub-
jects (article currently under submission). Several stud-
ies have reported the development of highly resistant
starch rice12,13) as well as high-amylose and high-
dietary fiber rice14) via physical or chemical mutation.
The hydrolysis of starch is a key factor in controlling
the GI of foods. Functional foods that have α-glucosi-
dase inhibitory activities have proven effective in con-
trolling blood sugar levels in people at risk of
developing diabetes.15)

Furthermore, epidemiological studies suggest that the
low incidences of certain chronic diseases in rice-con-
suming regions of the world may be attributable to the
antioxidant compounds found in rice. The molecules
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with antioxidant activity contained in rice include
phenolic acids, flavonoids, anthocyanins, proantho-
cyanidins, tocopherols, tocotrienols, γ-oryzanol, and
phytic acid. Rice bran also contains various functional
substances, such as γ-oryzanol, ferulic acid, sterol,
wax, ceramide, phytin, inositol, and protein.16) Rice
bran oil, the only domestic edible vegetable oil made
from the rice bran produced in Japan, is known to have
high oxidative stability and serum cholesterol-lowering
activity.17,18) You et al. showed that in mice fed a fer-
ulic acid-enriched diet, exercise endurance capacity was
enhanced and fatigue was reduced by elevating antiox-
idative potentials.19) Matsuzaki et al. showed that bran
rice and γ-oryzanol reduced hypothalamic endoplasmic
reticulum stress and attenuated the preference for diet-
ary fat in mice.20) Parthasarathy et al. showed that in
rabbits fed a oleic acid-enriched diet, the progression of
atherosclerosis may have been slowed by resistance to
oxidative modification.21) Matsuoka et al. showed that
plant sterols/stanols decreased blood cholesterol levels
through the inhibition of cholesterol absorption in the
intestines.22) Intake of fermented brown rice could min-
imize insulin secretion, thus attenuating any subsequent
rise in the levels of blood sugar.23) Abe et al. showed
that rice components including inositol hexaphosphate
significantly inhibited Aβ production in neuroblastoma
cells without causing cytotoxicity, suggesting such
foods may prevent Alzheimer’s disease.24)

Pigmented rice contains naturally occurring colored
substances that belong to the flavonoid group called
anthocyanins. Positive health effects of these pigments
present in the bran layer of rice have been reported.25)

Ling et al. showed that red and black rice decreases
atherosclerotic plaque formation and increase antioxi-
dant status in rabbits due to their enhanced serum high-
density lipoprotein (HDL) cholesterol and apolipopro-
tein A1 concentrations.26)

The consumption of a western diet, which is charac-
terized by a high intake of red meats and high-fat dairy
products, may contribute to obesity and metabolic
syndrome, as well as increase the risk of developing
type 2 diabetes and cardiovascular disease. In contrast,
the traditional Asian diet, which is rich in soy and fish
but low in animal protein and fat, may help reduce the
frequency of severe chronic diseases.27) There is also a
significant association between a Mediterranean diet
and reduced risk of major chronic degenerative dis-
eases, including Alzheimer’s disease. The optimal diet
for the prevention of cardiovascular and other major
chronic diseases has rapidly evolved.28)

In this study, we sought to develop a novel product
that inhibited both Aβ protein production and the
abrupt increase in postprandial BGLs using super-hard
brown rice bread blended with black rice bran
(SRBBB).

Materials and methods
Materials. The ae mutant rice cultivar KOY and

the high-quality premium rice Koshihikari were culti-
vated in an experimental field at Hokuriku Research
Center in the Central Agricultural Research Center,
NARO, Japan in 2014. Okunomurasaki (OKM) rice

was purchased from a local market. All of the rice
samples were stored at 4 °C before the experiments.
Commercial feed (MF) was produced by Oriental Yeast
Co., Ltd. Rice bran oil (Tsuno Food Co.), dry yeast
(Pioneer Planning Co.), sugar (Nisshin Seito Co.), and
sodium chloride (Ajinomoto Co.) were commercially
available products.

Preparation of rice bran and brown rice flour sam-
ples. Rice bran was made from polished brown rice
using an experimental friction-type rice milling
machine (Yamamotoseisakusyo Co. Ltd., Tendoh,
Japan) to obtain a milling yield (yield after polishing)
of 90–91%. Brown rice flour was prepared using a
cyclone mill (SFC-S1; Udy, Corp., Fort Collins, Co.,
Ltd.) with a screen containing 1-mm diameter pores.
OKM rice bran was treated at 400 MPa at room tem-
perature for 15 min in an HP machine (Ishikawajima-
Harima Heavy industries Co., Ltd., Tokyo, Japan).

Measurement of the moisture content of rice flour.
The moisture content of the brown rice and brown rice
bread flour were measured using an oven-drying
method. Samples of 2 g were dried for 1 h at 135 °C.
All samples were stored in a freezer at −80 °C, fol-
lowed by lyophilizing with a freeze-dryer (FD-1, Tokyo
Rikakikai Co., Ltd.). Rice flour, bran, and bread flour
were prepared using a cyclone mill (SFC-SI, Udy
Corp., Fort Collins Co., Ltd.) with a screen with 1 mm
diameter pores.

Measurement of the fatty acid composition of rice
bran. Measurement of the fatty acid composition of
rice bran was carried out by the Food Analysis Tech-
nology Center (using a gas chromatography method).

Measurement of the ferulic acid and inositol compo-
sition of rice bran. Measurement of the ferulic acid
and inositol composition of rice bran was carried out
by the Japan Food Research Laboratories (using
microbiological assays and high performance liquid
chromatography–mass spectrometry).

α-glucosidase inhibitory activity. Measurement of
the inhibitory activity of α-glucosidase of freeze-dried
rice bran samples was carried out as described by
Yamaki et al.29) α-Glucosidase inhibitory activity was
measured using an enzyme extracted from the small
intestine of rats (Sigma Chemical Co.) The enzyme
(25 mg/mL) was used as an ultrasonic treatment in cold
water for 0.5 h. A kit for measuring α-glucosidase
activity (Kikkoman Biochemicals Corp.) was also used.
One milliliter of 0.01 M acetate buffer solution
(pH 5.0, including 0.5% NaCl) was added to the rice
bran sample and bread sample (SRBBB and 100%
wheat flour bread) (0.2 g), and the mixture was
extracted at 5 °C for 16 h, and then centrifuged for
5 min at 3000 × g. For removing the colored compo-
nent from the extraction solution, an adsorption filter
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(MILLEX-GN33 mm: Millipore Ireland Ltd.) was used.
The extraction solution was diluted serially with extrac-
tion buffer. The extraction solution (0.5 mL) was mixed
with the enzyme solution (0.5 mL), and then pre-
warmed at 37 °C for 5 min and mixed with 0.5 mL
PNPG substrate solution (the blank was set without
enzyme). This was then heated at 37 °C for 30 min,
followed by the addition of 0.5 mL of stopping solu-
tion (0.2 M Na2CO3) and stirring. The absorbance of
the sample solution was measured at 400 nm. The lin-
ear least-squares problem was used in statistical regres-
sion analysis.

β-secretase inhibitory activity. The β-secretase
(BACE1) inhibitory activity of freeze-dried rice bran,
brown rice breads, and MF were determined using a
BACE1 activity detection kit (Fluorescent; Sigma-
Aldrich Co. LLC.). To obtain the measurements, test
sample (0.1 g) was extracted with 0.5 mL of 10 mM
acetate buffer solution (pH 5.0, including 0.1% Triton
and 0.05% CHAPS) at room temperature for 1 h, and
then centrifuged for 15 min at 1000 × g. For
removing the colored component from the extraction
solution, an adsorption filter (MILLEX-GN33 mm:
Millipore I reland Ltd.) was used. For fluorometry, a
96-well plate (tissue culture plate: AS One Corpora-
tion) was used. The fluorescent buffer (78 μL),
extraction solution (30 μL) (the blank was set without
fluorescent buffer), and 0.03 U/μL enzyme (10 μL)
were added in order, and then pre-incubated at 37 °C
for 10 min. Next, 50 μM substrate (20 μL) was added,
covered with Parafilm, and incubated at 37 °C for
2 h. The absorbance values were measured at 320 nm
(excitation) and 405 nm (emission) using a fluorescent
microplate reader (Grating Based Multimode Reader
SH-9000: Corona Electric Co, Ltd.). The enzyme
concentration was 0.03 U/μL for the rice bran, and
0.015 U/μL for the brown rice bread and MF
samples.

Acetylcholinesterase inhibitory activity. The
acetylcholinesterase (AChE) inhibitory activities of
freeze-dried rice bran, brown rice breads, and MF sam-
ples were measured as described by Ellman et al.30),
Augustinsson et al.31), and Dawson et al.32) To obtain
the measurements, test sample (0.03 g) was extracted
with 0.3 ml of 80% ethanol for 15 min in ice, and then
centrifuged for 15 min at 3000 × g. The extraction
solution was diluted eightfold in water. To remove the
colored component from the extraction solution, an
adsorption filter (MILLEX-GN33 mm: Millipore
Ireland Ltd.) was used. For fluorometry, a 96-well
microtiter plate (AS ONE Corporation) was used. Phos-
phate buffer at pH 8.0 (50 mM, 50 μL), 0.226 U/ml
(1.65 ng/mL) of AChE (from the electric eel: Sigma-
Aldrich Co. LLC) (25 μL), and coenzyme (10 mM,
125 μL: 39.6 mg of 5,5′-dithiobis-2-nitrobenzoic acid
(DTNB) were dissolved in 10 mL of 0.1 M phosphate
buffer at pH 7.0 and 15 mg of sodium bicarbonate).
And 25 μL of extraction solution (the blank was set
with 0.1 M phosphate buffer at pH 7.0) were added,
and then pre-incubated at 37 °C for 5 min. Next, 25 μL

of 3 mM (0.99 mg/mL) of substrate (MATP+: Dojindo
Laboratories Co., Ltd.) was added, and the solution
was immediately measured at 412 nm using a fluores-
cent microplate reader (Grating Based Multimode
Reader SH-9000: Corona Electric Co, Ltd.).

Measurement of hydrophilic and lipophilic oxygen
radical absorbance capacity. The hydrophilic and
lipophilic oxygen radical absorbance capacities of rice
bran, brown rice bread, and MF samples were mea-
sured as described by Prior et al.,33) Ito et al.,34) and
Watanabe et al.35,36) For the hydrophilic antioxidant
assay, freeze-dried rice bran, brown rice bread, and MF
samples (0.1 g) were extracted with 10 mL of hexane
at room temperature for 2 min, and then centrifuged for
15 min at 3000 × g. The hexane layer was removed,
and then the process was repeated. Residual hexane
was evaporated using a water bath at 70 °C for 10 min,
and then the residue was extracted with 10 mL of
acetone/water/acetic acid (70:29.5:0.5, v/v/v). After
this, the solution was sonicated (Ultrasonic cleaner
3510J-MTH: Branson Ultrasonics Co, Ltd.) at 37 °C
for 15 min. The tube remained at room temperature for
15 min, and was then centrifuged for 15 min at
3000 × g. The supernatant was removed and transferred
to a volumetric flask and diluted to 25 mL total vol-
ume.
For the lipophilic antioxidant assay, freeze-dried rice

bran, brown rice bread, and MF samples (0.1 g) were
extracted with 1 mL of hexane at room temperature
for 2 min, and then centrifuged for 15 min at
3000 × g. The hexane layer was collected and the pro-
cess was repeated. The hexane was evaporated using a
water bath at 70 °C for 10 min, and then the dried
hexane extract was dissolved in 250 μL of acetone
and then diluted with 750 μL of 7% randomly methy-
lated β-cyclodextrin (RMCD; 0.7 g of methyl-β-
cyclodextrin (Sigma Chemical Co.) was dissolved in
10 mL of 50% acetone). Trolox calibration solutions
(50, 25, 12.5, and 6.25 μmol/L in assay buffer solu-
tion) were made to obtain a standard curve. A fluo-
rometer 96-well plate (AS One Corporation) was used.
Absorbance values were measured at 485 nm (excita-
tion) and 530 nm (emission) using a fluorescent micro-
plate reader (Grating Based Multimode Reader SH-
9000: Corona Electric Co, Ltd.). The trolox calibration
solutions, blank (dilute buffer), and diluted test
samples (35 μL), fluorescein solution (115 μL,
110.7 nmol/L), and AAPH (2, 2′-azobis (2-amidino-
propane) dihydrochloride) solution (50 μL, 31.7 mmol/
L: H-ORAC, 63.4 mmol/L: L-ORAC) were added in
order, and measurements were taken immediately at
37 °C for 90 min.

Measurement of resistant starch. The RS of the
starch in rice flour was measured according to the
Association of Analytical Communities method using
an RS assay kit (Megazyme, Ltd, Wicklow, Ireland).
Each sample (100 mg) was digested with pancreatin
and amyloglucosidase at 37 °C for 6 h, and the glucose
content was measured using a spectrophotometer at
510 nm.
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Measurement of polyphenol content. The polyphe-
nol content of freeze-dried brown rice bread and MF
samples was determined using the Folin–Ciocalteu
method.37) The polyphenol content of freeze-dried
brown rice bread and MF samples were measured by
extracting 0.1 g of the rice flour sample by shaking
with 4 mL of 80% ethanol at room temperature for
30 min, and then centrifuging for 10 min at 3000 × g.
The supernatant (1 mL) was mixed with the same vol-
ume of Folin–Ciocalteu solution (1 mL) and incubated
at room temperature for 3 min, followed by the addi-
tion of 5 mL of sodium carbonate and incubation at
50 °C for 5 min. Finally, the sample solution was
cooled and allowed to stand for 1 h at 10 °C.
Absorbance was measured at 765 nm. Gallic acid
(0.1 mg/mL) was used for calibration.

Measurement of L-glutamic acid. The L-glutamic
acid content was measured using an F-kit (Roche Diag-
nostics, Mannheim, Germany). Each sample (1 g) was
subjected to extraction by shaking with DW (1 mL) for
30 min at room temperature. The L-glutamic acid con-
tent of the sample was measured based on the genera-
tion of formazan, according to the manufacturer’s
instructions. Absorbance was measured at 510 nm.

Bread-making for feed. Based on the recipe for
wheat flour blended with rice flour,38) 100% KOY (ae
mutant rice) brown rice bread was made as follows:
280 g of brown rice flour (dry matter: 244.3 g), 5.0 g
of sucrose, 1.0 g of NaCl, 20 g of rice bran oil, 2.7 g
of commercial dried yeast, 180 mL of water. The mois-
ture content was 39.6%. The SRBBB was prepared as
follows: 94.6% KOY brown rice flour and 5.4% OKM
(black rice) bran were blended into bread dough, of
which the recipe was as follows: 266 g of KOY brown
rice flour (dry matter: 231.1 g), 14g of OKM rice bran
(dry matter: 12.6 g), 5.0 g of sucrose, 1.0 g of NaCl,
20 g of rice bran oil, 2.7 g of commercial dried yeast,
180 mL of water. The moisture content was 38.4%.
Each dough sample was baked in an SD-BT103 auto-
matic home bakery machine (Panasonic Co. Ltd.,
Kadoma, Japan) using the normal dough procedure.
The bread-making procedure, involving dough process-
ing, proofing, and baking, took 4 h.

Commercial rodent diet (MF, Oriental Yeast, Tokyo:
moisture content: 7.1%) and 0.02% ferulic acid (MP
Biomedicals, LLC) were mixed with 0.06 g of ferulic
acid dissolved in 244 mL of hot (55 °C) water for 3 h,
and then mixed with 300 g of commercial diet (MF)
that had been dried at 55 °C for 8 h with a convection
oven (MOV-212 F (U): SANYO Electric Co., Ltd.).
The moisture content was 6.9%.

Animal feeding test and diets. Twenty-four-week-
old C57BL/6 mice were obtained from Charles River
Co. Ltd. The mice were housed individually in an air-
conditioned room at 23–24°C under a 12-h light cycle.
After acclimatization with commercial rodent diet (MF,
Oriental Yeast, Tokyo) for seven days, the mice were
divided into four groups of eight mice each (A: Rice

bread of 100% KOY brown rice flour; B: Rice bread
of 94.6% KOY brown rice flour mixed with 5.4%
OKM rice brown (SRBBB); C: MF diet; D: MF diet
mixed with 0.02% ferulic acid.) The carbohydrate con-
tent of the feed was adjusted to 2.7 g/mouse/d of dry
matter). In this way, group A were fed 8.3 g/mouse
(wet base), group B were fed 8.6 g/mouse (wet base),
group C were fed 5.4 g/mouse (wet base), and group D
were fed 5.4 g/mouse (wet base). After cutting into 5-
mm cubes, the breads were given to the mice once
every day and the mice were allowed to eat freely.
We took blood samples at 0, 4, 8, and 12 weeks dur-

ing the experiment. The fasting BGL was measured,
after 12 weeks, using an MS-FR501W (Terumo blood
sugar measurement: Terumo Co., Ltd. Japan). More-
over, the BGL was measured at 0, 30, and 90 min after
feeding, which was rice bread of 94.6% KOY brown
rice flour mixed with 5.4% OKM rice brown (SRBBB)
and 100% wheat flour bread. The animal feeding test
was conducted with the formal approval of the Ethics
Committee on Animal Care according to the “Guide
for the Care and Use of Laboratory Animals” of the
Faculty of Agriculture, Niigata University.

Enzyme-linked immunosorbent assay (ELISA)
method. We used the enzyme-linked immunosorbent
assay (ELISA) method with site-specific monoclonal
antibodies to detect Aβ40 using a human/rat β Amyloid
(40) Sandwich ELISA kit II (Wako Pure Chemical
Industries, Ltd.). Blood plasma diluted with dilution
buffer (4-fold dilution) was mixed with standard solu-
tion, and then set overnight in the refrigerator, before
being washed five times. Horseradish peroxidase anti-
body standard product (100 μL) was then added, and
the mixture was set in the refrigerator for 1 h, followed
by washing five times. Finally, 100 μL of TMB
(3,3′,5,5-tetramethylbenzidine) was added, and the mix-
ture was incubated at room temperature for 0.5 h, cov-
ered with aluminum foil. Stop solution (100 μL) was
added and absorbance was measured immediately at
450 nm using a fluorescent microplate reader (Grating
Based Multimode Reader SH-9000: Corona Electric
Co, Ltd.). Aβ40 content was calculated according to
the calibration using a standard sample and test sam-
ples.

Statistical analyses. All of the results, including
the significance of regression coefficients, were sub-
jected to t-testing and one-way ANOVA using Excel
Statistics (ver. 2006, Microsoft Corporation, Tokyo,
Japan).

Results and discussion
Measurement of the fatty acid composition of rice

bran
Rice bran is a potential fiber and mineral source for

the nutritional enhancement of cereals. The germ and
bran layer (about 10% of a rice kernel) removed during
the milling procedure are rich in proteins, lipids
(γ-oryzanol, ferulic acid, sterol, wax, ceramide, phytin,
and inositol), fiber, minerals, tocotrienols, tocopherols,
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and B-complex vitamins (B1 and B6).16,39) Extracted
from rice bran, rice bran oil is a high-quality cooking
oil with an excellent balance of fatty acids. It has
higher oxidative stability than soybean or cottonseed
oil.40) Both animal and human studies have shown that
rice bran oil lowers low-density lipoprotein (LDL)
cholesterol levels as well as corn oil, and better than
olive oil.41,42) Fujiwara et al. showed that a high con-
centration of oleic acid in the diet had a lipid-lowering
effect similar to that of a polyunsaturated fatty acid-rich
diet.43) Mattson et al. showed that oleic acid is as effec-
tive as linoleic acid in lowering LDL cholesterol levels,
and oleic acid seemingly reduces HDL cholesterol
levels less frequently than does linoleic acid.44) The
long-term intake of a high-oleic acid diet may, there-
fore, help to prevent atherosclerosis in its initial stages.

As shown in Table 1, the oleic acid (monounsatu-
rated fatty acid) content of OKM (pigmented rice;
46.0%) rice bran was significantly higher than that of
Koshihikari (41.2%) and KOY (44.2%) (p < 0.05). The
stearic acid (saturated fatty acid) content of OKM
(2.0%) rice bran was significantly higher than that of
Koshihikari (1.5%) and KOY (1.6%) (p < 0.05). Never-
theless, the linoleic acid (polyunsaturated fatty acid)
content of OKM (32.0%) rice bran was significantly
lower than that of Koshihikari (36.7%) and KOY
(34.1%) (p < 0.05). Moreover, the ratio of oleic acid to
polyunsaturated fatty acid (i.e. linoleic acid +
α-linolenic acid) is 1.09, 1.26, and 1.40 in Koshihikari,
KOY, and OKM, respectively. As a result, OKM bran
was significantly higher than Koshihikari at
p < 0.05.Therefore, the rice bran of OKM may poten-
tially be a biofunctional food with high antioxidant
capacity.

Ferulic acid is used as an antioxidant and an antimi-
crobial agent. It is also recognized that ferulic acid
exhibits a preventive effect on discoloration in various
food products, and a variety of physiological functions
such as suppression of Alzheimer’s disease, prevention
of muscular fatigue, improvement of hypertension, and
antitumor activity in the breast, liver, and colon.16) As
shown in Table 2, the ferulic acid content of KOY rice
bran (1.6 mg) was significantly higher than that of
Koshihikari rice bran (0.9 mg) and OKM rice bran
(1.1 mg) at p < 0.05. Inositol (also called myoinositol)
is a nutrient in the vitamin B complex group that the
body needs in small amounts to function and stay
healthy. Myoinositol helps cells to make membranes

and respond to messages in their environment. It is
water-soluble and must be consumed every day.16) As
shown in Table 2, the inositol content of Koshihikari
rice bran (1.7 g) was significantly higher than that of
KOY rice bran (1.1 g) and OKM rice bran (1.4 g) at
p < 0.05.

β-secretase and acetylcholinesterase inhibitory
activities
Functional foods which have α-glucosidase inhibi-

tory activity are effective in controlling blood sugar
levels in people at risk of developing diabetes.29)

Watanabe et al. showed that tochu-cha inhibits α-glu-
cosidase activity,45) and Matsui et al.46) and Kim et al.
showed that the α-glucosidase inhibitory activity of
luteolin (a flavonoid) was very strong.47) Moreover,
Watanabe et al. showed that an α-glucosidase inhibitor
such as acarbose has a beneficial effect on postprandial
hyperglycemia and postprandial hyperinsulinemia in
non-insulin dependent diabetes mellitus patients treated
with conventional insulin therapy.48) As shown in
Table 2, the α-glucosidase inhibitory activity of OKM
bran, given as an IC50 value, was 17.2 μg/μL, which
was 0.8 times that of Koshihikari bran (IC50 of
22.0 μg/μL) and 0.9 times that in KOY bran (IC50 of
20.0 μg/μL). Therefore, the α-glucosidase inhibitory
activity of the OKM rice bran was significantly higher
than that of the Koshihikari rice bran and KOY rice
bran (p < 0.05).
Pigmented rice contains naturally occurring colored

substances that belong to the flavonoid group called
anthocyanins. Tsuda et al. showed that anthocyanins
extracted from purple corn prevent obesity and amelio-
rate hyperglycemia in mice.49) Moreover, Suzuki et al.
showed that the calcium content of pigmented brown
rice was higher than that of the Koshihikari cultivar.50)

These experiments suggest that anthocyanins, as a
functional food component, can aid in the prevention
of obesity and diabetes.
BACE1 is the first protease in the process of con-

verting APP into Aβ in the brain. Therefore, BACE1 is
a major therapeutic target for the development of inhi-
bitory drugs.51) Abe et al. identified myoinositol
hexaphosphate as a BACE1 inhibitory molecule in rice
grain extract and digests.26) As shown in Table 2, the
BACE1 inhibition rate of OKM rice bran (61.4%) was
significantly higher than that of Koshihikari rice bran

Table 1. Fatty acid composition of rice bran.

Koshihikari SD KOY SD OKM SD

Myristic acid (%) 0.3 ±0.0a 0.3 ±0.0a 0.4 ±0.0a

Palmitic acid (%) 16.7 ±0.1a 16.4 ±0.0a 16.3 ±0.0a

Palmitoleic acid (%) 0.1 ±0.0a 0.2 ±0.0a 0.1 ±0.0a

Stearic acid (%) 1.5 ±0.0a 1.6 ±0.0a 2.0 ±0.0b

Oleic acid (%) 41.2 ±0.2a 44.2 ±0.2a 46.0 ±0.2b

Linoleic acid (%) 36.7 ±0.1b 34.1 ±0.1b 32.0 ±0.1a

α- linolenic acid (%) 1.1 ±0.0a 1.1 ±0.0a 0.8 ±0.0a

Arachidic acid (%) 0.7 ±0.0a 0.7 ±0.0a 0.8 ±0.0a

Icosenoic acid (%) 0.5 ±0.0a 5.0 ±0.0a 0.5 ±0.0a

Behenic acid (%) 0.4 ±0.0a 0.3 ±0.0a 0.4 ±0.0a

Lignoceric acid (%) 0.8 ±0.0a 0.6 ±0.0a 0.7 ±0.0a

Note: Means with the same letter are not significantly different (p < 0.05).
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(17.0%) and KOY rice bran (12.1%) (p < 0.01). Sup-
plemental Figure 1 shows that phytic acid (reference
material) inhibited 0.03 U/μL enzyme solution (10 μL)
of BACE1 activity using fluorometry. The IC50 of phy-
tic acid was 0.27 μg/μL (6.75 μg/well). The equation
has a determination coefficient (R2) of 0.97. The
BACE1 inhibition rate was converted to a phytic acid
equivalent: Koshihikari rice bran (0.05 μg–PA eq./μL),
KOY rice bran (0.02 μg–PA eq./μL), and OKM rice
bran (0.39 μg–PA eq./μL). This shows that the BACE1
inhibitory activity of OKM (pigmented rice) rice bran
was much stronger than that of Koshihikari (ordinary
brown rice) bran and KOY (ae mutant rice) bran.

The leading Alzheimer’s disease therapeutics involve
AChE inhibitors, resulting in increased acetylcholine
concentrations in the synaptic cleft and enhanced
cholinergic transmission.52) Donepezil, galantamine,
and tacrine are therapeutic AChE inhibitors used for
the treatment of Alzheimer’s disease.53) But, there are
many possible side effects for the medicines, mild and
moderate inhibitors are necessary to be developed. Per-
vin et al. showed that grape skin anthocyanin could be
an excellent source of antioxidants and its inhibition of
cholinesterase is of interest with regard to neurodegen-
erative disorders such as Alzheimer’s disease.54)

Vladimir-Knežević et al. showed that the Lamiaceae
species are a rich source of various natural AChE inhi-
bitors and antioxidants that could be useful in the pre-
vention and treatment of Alzheimer’s disease and other
related diseases.55) As shown in Table 2, the AChE
inhibition rate of KOY rice bran (2.4%)was signifi-
cantly higher than that of Koshihikari rice bran (0.8%)
(p < 0.05).

Supplemental Figure 2 shows that tacrine (the refer-
ence material) inhibited 0.007 U/μL of AChE activity.
The IC50 of tacrine was 0.0916 ng/μL (2.29 ng/well).
The equation has a determination coefficient (R2) of
0.99.

The AChE inhibition rate was converted to a tacrine
equivalent: Koshihikari rice bran (0.018 ng–TCeq./μL),
KOY rice bran (0.021 ng–TCeq./μL), and OKM rice
bran (0.020 ng–TCeq./μL). This shows that the AChE
inhibitory activity of KOY (ae mutant rice) rice bran
and OKM rice bran were higher than Koshihikari (ordi-
nary brown rice) rice bran.

High pressure treatment (HPT) is very useful for the
food industry. In this study, we tried to develop func-
tional materials, such as black rice bran of which
AChE inhibitory activity was accelerated by the HPT,
for example, its AChE inhibitory rate was 2.1 times
that of the bran before HPT (data not shown).

Reactive oxygen species damage biological mole-
cules, including proteins, lipids, and nucleic acids.
Chronic and degenerative diseases such as cancer, heart
disease, and Alzheimer’s disease are thought to be
caused, in part, by reactive oxygen species produced
by the body.35,36) Many dietary compounds have been
suggested to be important antioxidants; the evidence
for a key role of vitamins E and C is strong, but that
for carotenoids and related plant pigments is weaker.56)

In a study by Cazzola et al., aqueous and methanol
extracts of dry sage, rosemary, basil, parsley, chili, gar-
lic, and onion were analyzed to investigate their antiox-
idant and anti-glycant activities and their in vitro

inhibitory potentials against enzymes involved in glyce-
mic regulation.57) As shown in Table 2, the lipophilic
oxygen radical absorbance capacity (L-ORAC) of
Koshihikari rice bran was 132.7 μmolTE/100 gFW),
which was 1.3 times that of the OKM rice bran
(102.2 μmolTE/100 gFW), and that of KOY rice bran
(126.4 μmolTE/100 gFW) showed a similar tendency.
The hydrophilic oxygen radical absorbance capacity
(H-ORAC) of OKM rice bran was 1349.3 μmolTE/
100 gFW, which was 4.2 times that of the Koshihikari
rice bran (318.6 μmolTE/100 gFW) and 4.8 times that
of the KOY rice bran (279.6 μmolTE/100 gFW). The
H-ORAC of the OKM rice bran was significantly
higher than that of the Koshihikari rice bran and the
KOY rice bran (p < 0.01).

Component analysis and enzyme inhibition of feed
We prepared four kinds of feed for the mice. A: Rice

bread of 100% KOY brown rice flour; B: Rice bread
of 94.6% KOY brown rice flour mixed with 5.4%
OKM rice brown (SRBBB); C: MF diet; D: MF diet
mixed with 0.02% ferulic acid. As shown in Table 3,
the L-ORAC value of the C feed was 115.4 μmolTE/
100 gFW, which was 3.3 times that of the A feed
(35.5 μmolTE/100 gFW), 2.9 times that of the B feed
(40.0 μmolTE/100 gFW), and 1.1 times that of the D
feed. Moreover, the H-ORAC value of the D feed
(195.5.4 μmolTE/100 gFW) was 1.1 times that of the C
feed (35.5 μmolTE/100 gFW), 2.0 times that of the B
feed (40.0 μmolTE/100 gFW), and 3.6 times that of the
A feed. The L-ORAC and H-ORAC values of the C
and D feeds were significantly higher than those of the
A and B feeds (p < 0.05). The L-ORAC value was pos-
itively correlated with the H-ORAC value (r = 0.95;
p < 0.05).
Resistant starch is starch that escapes digestion in

the small intestine and that may be fermented in the
large intestine. Four main subtypes of resistant starch
have been identified based on their source or struc-
ture.58,59) The cooked grains of ae mutant rice cultivars
are hard and non-sticky because they lack starch
branching enzyme IIb and SLC. They are promising in
terms of their bio-functionality, such as diabetes pre-
vention.7–9) As shown in Table 3, the resistant starch
content of the A feed was 4.9%, which was 9.8 times
that of the D feed (0.5%), 6.1 times that of the C feed
(0.8%), and 1.5 times that of the B feed: the resistant
starch contents of the A and B feeds were significantly
higher than those of the C and D feeds (p < 0.01). The
H-ORAC value was negatively correlated with resistant
starch content (r = 0.99; p < 0.01).
As shown in Table 3, the glutamic acid content of

the C and D feeds was 32.0 mg/100 g and 33.0 mg/
100 g, respectively. This was 4.8–4.9 times that in the
A feed (6.7 mg/100 g), and 3.4–3.5 times that in the B
feed (9.4 mg/100 g): the glutamic acid contents of the
C and D feeds were significantly higher than those in
the A and B feeds (p < 0.01).
As shown in Table 3, the polyphenol contents of the

C and D feeds were 27.6 mg/100 g and 29.2 mg/100 g,
which were 3.1–3.2 times that in the A feed (9.0 mg/
100 g) and 1.7–1.8 times that in the B feed (16.7 mg/
100 g): the polyphenol contents of the C and D feeds
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were significantly higher than those of the A and B
feeds (p < 0.01 and p < 0.05, respectively). Resistant
starch content was negatively correlated with glutamic
acid content (r = 0.96; p < 0.05) and polyphenol con-
tent (r = −1.00; p < 0.01), and glutamic acid content
was positively correlated with polyphenol content
(r = 0.97; p < 0.05).

As shown in Table 3, the BACE1 inhibition rate of
B was 8.1%, and those of A, C, and D were all 0%.
Even after heating, the B feed showed very little
BACE1 inhibitory activity.

As shown in Table 3, the AChE inhibition rates of A
and B were 20.4 and 29.0%, respectively; 1.6–2.1 times
that of the C feed (8.9%) and 1.5–1.9 times that of the
D feed (9.3%). The AChE inhibition rates of the A and
B feeds were significantly higher than those of the C
and D feeds (p < 0.05 and p < 0.01, respectively). The
AChE inhibition rates were converted to tacrine equiva-
lents: A feed (0.048 ng–TCeq./μL), B feed (0.062 ng–
TCeq./μL), C feed (0.031 ng–TCeq./μL), and D feed
(0.031 ng–TCeq./μL). Even after heating, the AChE
inhibitory activities of A and B were high.

Determination of the initial BGL of aged mice kept
for 12 weeks

Jung et al. showed that ferulic acid may be beneficial
for the treatment of type 2 diabetes because it regulates
BGLs by elevating glucokinase activity and production
of glycogen in the liver.60) The initial BGL after the
fasting period of 24 h of aged mice after 12 weeks is
shown in Fig. 1. A: Rice bread of 100% KOY brown
rice flour; B: Rice bread of 94.6% KOY brown rice
flour mixed with 5.4% OKM rice brown (SRBBB); C:
MF diet; D: MF diet mixed with 0.02% ferulic acid. As
shown in Fig. 1, the initial BGLs of mice fed the A, B,
and D feeds were significantly lower than that of mice
fed the C feed (p < 0.01 or p < 0.05), respectively. Ini-
tial blood glucose values of aged mice after 12 weeks
were significantly correlated with resistant starch feed
content (p < 0.01). The initial BGLs of mice kept for 12
weeks on SRBBB were correlated with resistant starch

contents. In a previous study, we investigated the inhibi-
tion of abrupt increases in postprandial blood glucose
after consuming boiled ae mutant rice (KOY) using
Sprague–Dawley rats.11,61) An article is also under sub-
mission describing a human study on single-dose
administration of cooked KOY rice.

Characterization of amyloid β-40 protein species
with the ELISA method
We took blood samples from aged mice after 0, 4, 8,

and 12 weeks. We performed an ELISA assay with
site-specific monoclonal antibodies to detect Aβ40. Fig-
ure 2 A: (_ _ _) Rice bread of 100% KOY brown rice
flour; B: (_ _) Rice bread of 94.6% KOY brown rice
flour mixed with 5.4% OKM rice brown (SRBBB); C:
(_) MF diet; D: (_ . .) MF diet mixed with 0.02% fer-
ulic acid. As shown in Fig. 2, the Aβ40 species levels
of aged mice after four weeks when fed the B and D
feeds were significantly lower than those of mice fed
the C feed (p < 0.01) and the A feed (p < 0.05). More-
over, the Aβ40 species levels of aged mice after eight
weeks of receiving the A, B, and D feeds were lower
than those in mice fed the C feed. The Aβ40 species
levels of aged mice after four weeks were significantly
correlated with resistant starch, glutamic acid, and
polyphenol contents, and with AChE and BACE1 inhi-
bitory activities (p < 0.01). The Aβ40 species levels of
aged mice after eight weeks were significantly corre-
lated with resistant starch content and BACE1 inhibi-
tory activity (p < 0.01), and with glutamic acid and
polyphenol contents, and AChE inhibitory activity
(p < 0.05). The Aβ40 species levels of aged mice after
12 weeks were similar.
It can be seen that the Aβ40 species levels after 4–8

weeks were correlated with resistant starch content and
BACE1 inhibitory activity. Moreover, the α-glucosidase
inhibitory activity of rice bread of 94.6% KOY brown
rice flour mixed with 5.4% OKM rice brown (SRBBB)
was 1.5 times higher than that of 100% wheat flour
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Fig. 1. The initial blood glucose level after the fasting period of
24 h of aged mice after 12 weeks.
Notes: (A): Rice bread of 100% KOY brown rice flour. (B): Rice

bread of 94.6% KOY brown rice flour mixed with 5.4% OKM rice
brown (SRBBB). (C): MF diet. (D): MF diet mixed with 0.02% fer-
ulic acid. The same letters indicate no significant difference. Correla-
tion is considered significant * or ** at 5% or 1%, respectively by
t-test. The mice group size (n = 8).

Fig. 2. Characterization of amyloid β-40 protein species with
ELISA method.
Notes: (A): (_ _ _): Rice bread of 100% KOY brown rice flour.

(B): (_ _): Rice bread of 94.6% KOY brown rice flour mixed with
5.4% OKM rice brown (SRBBB) (C): (_): MF diet. (D): (_ . . ): MF
diet mixed with 0.02% ferulic acid. The same letters indicate no sig-
nificant difference. Correlation is considered significant * or ** at 5
or 1%, respectively by t-test.
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bread (Fig. 3), and that of postprandial BGL at 30 min
was significantly lower than that for 100% wheat flour
bread (p < 0.05) in aged mice (Fig. 3). Tokutake et al.
showed that naturally secreted Aβ induced hyperphos-
phorylation of Tau and impaired insulin signal trans-
duction.5)

Conclusions

As it has been reported that type2 diabetes increase
the risk of Alzheimer disease, we investigated about
the prevention of amyloidβ generation by foodstuff
which is resistant to digestion. To find a neuroactive
and slow-digestive compounds with a potent inhibitory
effect on BACE1 and AChE from natural resources,
we evaluated black rice bran and ae mutant brown rice.

(1) Rice bran from OKM has high ratio of oleic
acid in fatty acid composition and it has higher
BACE1 inhibitory activity and H-ORAC than
the ordinary rice.

(2) KOY brown rice bread (bread mixed 94.6%
KOY brown rice flour and 5.4% OKM rice
bran) had high levels of resistant starch and
inhibitory activities against BACE1 and AChE.

(3) After feeding aged mice, KOY brown rice
bread showed significant lower Aβ40 in blood
than ordinary rodent diet (p < 0.01).

Therefore, we propose KOY brown rice bread pro-
duced with black rice bran, which would be promising
because of inhibitory activity against Aβ production
and prevention of abrupt increase in postprandial blood
glucose.
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