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Abstract. Alzheimer’s disease (AD) is the most common cause of dementia. The cardinal neuropathological characteristic
of AD is the accumulation of amyloid-� (A�) into extracellular plaques that ultimately disrupt neuronal function and lead to
neurodegeneration. One possible therapeutic strategy therefore is to prevent A� aggregation. Previous studies have suggested
that vitamin E analogs slow AD progression in humans. In the present study, we investigated the effects of the tocotrienol-rich
fraction (TRF), a mixture of vitamin E analogs from palm oil, on amyloid pathology in vitro and in vivo. TRF treatment
dose-dependently inhibited the formation of A� fibrils and A� oligomers in vitro. Moreover, daily TRF supplementation
to A�PPswe/PS1dE9 double transgenic mice for 10 months attenuated A� immunoreactive depositions and thioflavin-
S-positive fibrillar type plaques in the brain, and eventually improved cognitive function in the novel object recognition
test compared with control A�PPswe/PS1dE9 mice. The present result indicates that TRF reduced amyloid pathology and
improved cognitive functions, and suggests that TRF is a potential therapeutic agent for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurode-
generative disorder that invariably progresses from
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early mild cognitive impairments such as memory
loss to severe impairments across multiple cog-
nitive domains (dementia) at advance stage. The
neuropathological hallmarks of AD are the accumu-
lation of senile plaques and neurofibrillary tangles
in the cerebral cortex and select subcortical regions
[1, 2]. According to the amyloid cascade hypoth-
esis, accumulation of amyloid-� (A�) due to an
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imbalance between production and clearance in the
brain is the primary event driving AD pathogene-
sis [3]. The hypothesis is supported by molecular
genetics showing that mutations in the amyloid
precursor protein and presenilin genes accelerate
A� production in familial AD [4–6]. Abnormal
A� aggregation and hyperphosphorylation of the
intermediate filament protein tau induce progres-
sive synaptic and neuronal dysfunction, ultimately
impairing cognitive performance. Therefore, one
possible therapeutic approach to combat AD is by
treating the disease with a compound that could
modulate A� aggregation thus reducing its cytotoxic
effect [1, 7].

Vitamin E is composed of eight analogs: �-, �-, δ-,
and �-tocopherol and �-, �-, δ-, and �-tocotrienol.
Tocopherols are abundant in the leaves and seeds
of most dicots, whereas tocotrienols are rich in the
seeds of monocots, two broad groups of flowering
plants distinguished by stem and leaf morphology [8].
Palm oil from the Elais guineensis tree is among the
most abundant natural sources of vitamin E with the
major constituent is 70% tocotrienols while another
30% is tocopherols [9, 10]. Tocotrienol-rich fraction
(TRF) extracted from palm oil consists of mainly
tocotrienols family. Numerous studies have demon-
strated the beneficial effects of vitamin E family
in preventing degenerative diseases such as antiox-
idant, anti-inflammatory, anti-aging, and anti-cancer
[11–17], and there is emerging evidence that vita-
min E can also slow the progression of AD [18–22].
The incidences of mild cognitive impairment and AD
are associated with low plasma levels of tocopherols
and tocotrienols as reported by Mangialasche et al.
[23]. They also suggested a combination of vitamin
E analogs linked to reduce risk of AD at advanced
age [24].

The �-tocotrienol is more potent neuroprotectant
than �-tocopherol at nanomolar concentrations [25].
Furthermore, TRF exerted neuroprotective effect by
reducing DNA damage and apoptosis induced by
A� and glutamate in cell culture [26, 27]. While
treatment with �-tocopherol reduced A� levels and
deposition in an AD mouse model [28], no previous
study has examined such effects using TRF. More-
over, the mechanisms for reduced A� by vitamin
E are still unknown. Overall, these findings demon-
strated various neuropathological effects of vitamin
E as individual analog or a mixture in in vitro and
in vivo experiments. In the present study, we inves-
tigated direct interactions between A� and TRF in
vitro and the effects of TRF supplementation on AD-

like pathogenesis and age-related cognitive decline in
the A�PPswe/PS1dE9 double-transgenic AD mouse
model.

MATERIALS AND METHODS

Preparation of TRF and PO

An in vitro assay was conducted to study the
effects of TRF on A�42 aggregation. The TRF
and palm oil stripped of vitamin E (PO) were
purchased from Sime Darby Foods and Beverages
Sdn Bhd (Selangor, Malaysia) and Malaysian
Palm Oil Board (MPOB) respectively. The TRF
used consists of �-tocotrienol (196.0 mg/g), �-
tocotrienol (24.0 mg/g), �-tocotrienol (255.0 mg/g),
δ-tocotrienol (75.0 mg/g), and �-tocopherol
(168.0 mg/g), while vitamin E was not detected in
the PO as mentioned by Nesaretnam, et al. [29].
The TRF was prepared for experimental application
according to a previous study with modification [30].
Briefly, TRF or PO stock at 5% v/v was dissolved
in 100% ethanol and stored at –30◦C. Prior to use,
60 �L of 5% v/v TRF or PO stock was incubated
with 45 �L of phosphate-buffered saline (PBS) at
37◦C overnight. To obtain 1% v/v TRF or PO, 40 �L
of 100% ethanol and 55 �L of PBS were added
to the TRF or PO mixture, and then 100 �L of a
mixture containing 100% ethanol and PBS [1:1]
was added. Further dilutions were carried out using
PBS to obtain concentrations of 0.001%, 0.01%, and
0.1% v/v TRF or PO.

Preparation of Aβ42 aggregates

Human A�1-42 peptide (A�42, Peptide Insti-
tute, Osaka, Japan) was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) at 1 mM [31]. The
mixture was then incubated at 37◦C for 1 h, aliquoted
into microcentrifuge tubes and evaporated for 30 min
in an evaporation chamber. The peptide residue
was stored at –30◦C until use. Prior to use, this
HFIP-treated A�42 was dissolved in dimethyl sul-
foxide (DMSO; Wako, Osaka, Japan) to 0.5 mM,
vortexed, and further diluted to 20 �M with PBS.
To examine the effects of TRF and PO on A�42
aggregation, the A�42 solution was mixed with TRF
or PO to a final concentration of 10 �M A�42 plus
0.001%, 0.01%, or 0.1% v/v TRF or PO. As a
control, PBS containing 5% ethanol was added to
the A�42 solution. The mixture was incubated at
37◦C for 6, 24, and 48 h and then analyzed by gel
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electrophoresis, thioflavin T assay and cell viability
assay.

Gel electrophoresis and western blotting

After incubation, samples were diluted in 4× sam-
ple buffer (62.5 mM Tris, pH 6.8, 1% sodium dodecyl
sulfate (SDS), 25% glycerol) in PBS without heating
to concentration of 2.25 �M. Ten-microliter of sam-
ples were loaded into 10%–20% precast polyacry-
lamide gels (SuperSep Ace; Wako) for electrophore-
sis (20 mA/gel for 65 min). After electrophoresis,
samples were transferred onto polyvinylidene diflu-
oride (PVDF) membranes (Immobilon-P, Merck
Millipore). Membranes were washed with Tris-
buffered saline (25 mM Tris-HCl, pH 7.4, 0.9% NaCl)
containing 0.1% Tween 20 (TBS-T) for 10 min,
blocked with 5% skim milk in TBS-T for 60 min,
washed three times with TBS-T (7 min/wash), and
incubated with mouse monoclonal anti-A� antibody
clone 6E10 (1:2000; Covance, Princeton, NJ, USA)
in TBS-T at 4◦C overnight. After three washes with
TBS-T (7 min/wash), immunolabeled membranes
were incubated with HRP-conjugated anti-mouse
IgG antibody (1:20000; Jackson ImmunoResearch,
West Grove, PA, USA) in TBS-T containing 0.5%
skim milk for 60 min at room temperature (RT).
The membranes were then washed three times with
TBS-T, and labeling was visualized by chemilumi-
nescence (SuperSignal West Pico; Thermo Scientific,
Rockford, IL, USA) using a lumino image analyzer
(ImageQuant LAS 4000 mini; GE Healthcare Life
Sciences, Japan).

Thioflavin T (ThT) fluorescence assay

A stock solution was prepared by dissolving ThT
(AnaSpec, Fremont, CA, USA) in DMSO at 5 mM.
A 20 �L sample of A�42 incubated with TRF, PO,
or PBS (containing 5% ethanol) was periodically
added to 180 �L of 5 �M ThT dissolved in PBS and
the fluorescence measured in 96-well black plates
(Greiner Bio-one, Frickenhausen, Germany) using
an Infinite M200 microplate reader (Tecan, Grödig,
Austria) at excitation and emission wavelengths of
450 nm and 482 nm, respectively. As a control, ThT
was mixed with PBS containing only TRF or PO.
The A�42-specific fluorescence was calculated by
subtracting the fluorescence intensity of the control
solution. Each measurement was performed in dupli-
cate. Data represent the means of three independent
experiments.

Photo-induced cross-linking of unmodified
protein (PICUP) assay

The PICUP assay was performed according
to a previous study [32]. Briefly, a mixture
of 50 �M A�1-40 or A�1-42 peptides, 2 mM
tris(2,2′-bipyridyl)dichlororuthenium(II) and 40 mM
ammonium persulfate was mixed with TRF or PO
at 1:1 ratio. Immediately, the mixture was cross-
linked by irradiation to visible light for 1 s and then
the reaction was quenched by addition of Tricine
sample buffer and dithiothreitol. The samples were
subjected to SDS-polyacrylamide gel electrophore-
sis under reducing conditions with 15–20% Tricine
gel (SuperSep Ace; Wako) and the protein was visu-
alized by silver staining with a SilverQuest Staining
Kit (Invitrogen, California, USA).

Cell viability assay

Human neuroblastoma cell line SH-SY5Y (ATCC,
Manassas, Virginia, USA) was cultured in Dul-
becco’s modified Eagle’s medium (DMEM)/Ham’s
F-12 (Nacalai Tesque, Kyoto, Japan) containing 10%
(v/v) fetal bovine serum in a humidified atmosphere
of 5% CO2/95% air at 37◦C.

Ten-micromolar A�42 was incubated at 37◦C with
0.001%, 0.01%, and 0.1% v/v TRF or PO as described
in the method above. The vehicle was served as
a control containing 5% ethanol. For treatment,
the mixtures were dissolved in DMEM/Ham’s F-12
(Nacalai Tesque) to final concentration of 0.3 �M
A�42 and 0.00003%, 0.0003%, 0.003% v/v TRF or
PO. The final concentration of vehicle was 0.15%
ethanol in medium.

Cell viability was assessed by the MTT assay
with a MTT Cell Count Kit (Nacalai Tesque).
The assay was based on a reduction of tetra-
zolium salt (MTT; 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) by dehydroge-
nase in viable cells into a purple formazan product.
Therefore, high amount of formazan formed reflects
an increase in number of living cells. The cells used
in this study was seeded at 5.0 × 104 cells per well
in a 96-well microplate and incubated at 37◦C in
humidified atmosphere for 24 h. After incubation, the
culture medium was replaced with 100 �l of new
medium with or without A� and TRF or PO. Ten-
microliter of MTT solution was added to each well
after 20 h of incubation at 37◦C in humidified atmo-
sphere and further incubated for another 4 h. Then,
100 �l of solubilization solution was added to the
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wells and incubated at 37◦C in humidified atmo-
sphere overnight. The absorbance was measured at
570 nm with a reference wavelength of 700 nm using
an Infinite M200 microplate reader (Tecan). Each
measurement was performed in triplicate. Data rep-
resent the means of three independent experiments.

Animals

A�PPswe/PS1dE9 double transgenic mice
(A�PP/PS1), expressing a chimeric mouse/human
amyloid protein precursor (Mo/HuAPP695swe) and
a mutant human presenilin 1 with deletion at exon-9
(PS1-dE9), were obtained from Jackson Laboratory
(Bar Harbor, ME, USA). Mice were maintained by
breeding heterozygous females with wild-type (WT)
males, and offspring were genotyped by polymerase
chain reaction. Only heterozygous and WT male
mice were used in this study. All mice were housed
at 23◦C under a 12-h/12-h light/dark cycle (lights on
from 8:00–20:00) with ad libitum access to food and
water. Experiments were conducted with approval
of the Animal Care and Use Committee of Shiga
University of Medical Science.

Supplementation

The TRF was dissolved at 12 mg/mL in PO. Five-
month-old A�PP/PS1 mice were divided into three
groups. Two groups received daily water (control,
5 mL/kg body weight) or PO as a vehicle (5 mL/kg
body weight) and the other received daily TRF
(60 mg/kg body weight) by oral administration. All
mice received daily supplementation from 5 to 15
months of age.

Novel object recognition test

The novel object recognition test was conducted
according to a previous study with modification [33].
A circular home-built chamber was made with 38 cm
in diameter, with a 22-cm high wall. The test was
conducted over four consecutive days and consisted
of four phases: pre-habituation, habituation, train-
ing, and testing. Wild-type mice (WT; n = 13) and
A�PP/PS1 mice that received water (Cont; n = 9),
TRF (n = 11), or PO (n = 10) were kept in the testing
room at least 30 min before the test for acclimation.
On day 1, pre-habituation was conducted by allowing
each mouse to freely explore the empty chamber for
5 min. On days 2 and 3, mice were habituated in the
empty chamber for 20 min. On day 4, each mouse was

given a training trial followed by a testing trial. Dur-
ing the training trial, two identical objects were placed
in opposite positions of the chamber at the same dis-
tance from the wall, and the mouse was allowed to
explore the objects for 10 min before return to the
cage. In the test trial conducted 1 h later, the mouse
was placed again into the same chamber, but one of
the identical objects had been replaced with a novel
object. The mouse was allowed to freely explore the
objects for 5 min before return to its cage. The objects
used in this study were of different shapes and colors
but identical in size and were fixed to the chamber
floor to prevent movement. All objects and the cham-
ber were cleaned with 70% ethanol after each trial.

Novel object recognition was measured by the ratio
of novel object exploration time to total exploration
time (familiar plus novel) or the recognition index.
Exploration time was defined as the time the mouse
spent within 2 cm of the object sniffing with nose
directed toward the object or directly pawing or biting
the object. Sitting or standing on the object was not
recognized as exploration. To exclude environmental
factor that may contribute to location preference inde-
pendent of object familiarity, the ratio of exploration
times of the two identical objects was also measured
during the training trial. The formula for calculat-
ing location preference in the training trial and the
recognition index in the testing trial are as follows:

Location preference = Time exploring one of the
identical objects/Total time exploring both identical
objects × 100%

Recognition index = Time exploring novel
object/(Time exploring novel object + Time exploring
familiar object) × 100%

Brain tissue preparation

Four mice from each group (water, PO, TRF)
were used for biochemical analysis and histochem-
ical staining. The rest of the mice were employed
for other experiments. Mice were sacrificed at 15
months of age by cervical dislocation and brain tissue
prepared as described previously [31]. In brief, the
brain was removed and divided into two hemispheres.
One hemisphere was fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer (PB, pH 7.4) for 24 h
and then cryoprotected in 15% sucrose dissolved
in 0.1 M PB containing 0.1% sodium azide for at
least 2 days. Coronal sections were cut at 20-�m
thickness using a cryostat and kept in 15% sucrose
until used for immunohistochemistry or thioflavin-S
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staining (below). The other hemisphere was kept at
–80◦C until preparation of homogenate for biochem-
ical measures of A�40, A�42, and A� oligomers.
The frozen brains were cut into 1-mm thick coro-
nal sections. To measure A�40 and A�42 levels, the
hippocampus and cortex from the two brain sec-
tions were dissected. To measure A� oligomers, the
hippocampus and cortex were combined because
A� oligomers could not be detected in separate 1:3
dilutions of these regions (data not shown). Thus,
we decided to use a lower dilution (1:1), which
required a higher amount of brain tissue. The com-
bination of the hippocampus and cortex enabled
the detection of A� oligomers using an ELISA kit.
Samples of the hippocampus, cortex, and the com-
bined hippocampus and cortex were homogenized
in cold TBS (1 mL/150-mg wet weight) contain-
ing protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). Homogenized tissue was son-
icated and centrifuged at 104,300× g for 60 min
at 4◦C. Supernatant was collected as soluble A�
(TBS fraction) and pellet was then resuspended with
70% formic acid in water, sonicated, and centrifuged
at 104,300× g for 60 min at 4◦C. The recovered
supernatant was neutralized with 1 M Tris base and
stored at –80◦C as insoluble A� (FA fraction). Pro-
tein concentration was determined using a Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA).

Immunohistochemical and thioflavin-S staining

All staining was performed using free-floating
coronal brain sections fixed in 4% paraformaldehyde
in 0.1 M PB. The brain sections were washed with 0.1
M PBS containing 0.3% Triton X-100 (PBS-T, pH
7.4) and then incubated in 0.3% hydrogen peroxide
containing 0.1% sodium azide in PBS-T for 20 min
at RT to eliminate endogenous peroxidase activity.
After incubation, the sections were washed three
times with PBS-T (10 min/wash) and blocked with
2% bovine serum albumin (BSA) in PBS-T for 30 min
at RT. Blocked sections were then incubated with
rabbit polyclonal antibodies against the N-terminal
of human A� (1:500; Immuno-Biological Labora-
tories) or ionized-calcium binding adapter molecule
1 (Iba1, 1:5000; Wako) in PBS-T containing 0.2%
BSA overnight at 4◦C. After several washes with
PBS-T, immunolabeled sections were incubated with
biotinylated anti-rabbit IgG antibody (1:1000; Vec-
tor Laboratories, Burlingame, CA, USA) for 60 min
at RT. Following several washes with PBS-T, sec-

tions were incubated with avidin–biotin complex
solution (Vectastain ABC Elite kit, 1:3000; Vector
Laboratories) for 60 min at RT, washed several times
with PBS-T, and the immunostaining visualized by
reaction with 3,3′-diaminobenzidine (Dojindo Labo-
ratories, Kumamoto, Japan) and nickel ammonium.
The sections were then mounted onto glass slides,
dehydrated in an increasing ethanol series, and cover
slipped with Entellan mounting medium (Merck Mil-
lipore). Images were captured using a DP27 digital
camera (Olympus, Tokyo, Japan).

Thioflavin-S staining was performed according to
a previous study [34]. Briefly, the brain sections from
all supplemented groups were mounted onto glass
slides, dehydrated with 70% and 80% ethanol for
1 min each and stained with freshly made and fil-
tered 1% thioflavin-S (Chroma-Gesellschaft Schmid,
Kongen, Germany) dissolved in 80% ethanol for
15 min in the dark. As a control, slices were sub-
jected to the same staining protocol but omitting
thioflavin-S. The slides were then washed with 80%
and 70% ethanol for 1 min each, rinsed twice in dis-
tilled water, mounted with Immuno-Mount (Thermo,
Pittsburgh, PA, USA), cover slipped, and dried for at
least 2 h in the dark. The slides were examined with
an upright Olympus BX61 microscope (Olympus,
Japan) equipped with an FITC filter set (U-MWB;
band-pass excitation 450–480 nm, dichroic mirror
505 nm, long-pass emission peak 515 nm).

Enzyme-linked immunosorbent assay

Levels of A�40 and A�42 in the cortex and hip-
pocampus were determined using an enzyme-linked
immunosorbent assay (ELISA) kit (Wako) accord-
ing to the manufacturer’s protocol. Briefly, 100 �L of
homogenate was pipetted onto the primary antibody-
coated microplate and incubated overnight at 4◦C.
Homogenate was then removed from wells and the
plates rinsed five times with washing solution. Then,
a 100-�L secondary antibody solution was added to
each well. Plates were sealed and incubated at 4◦C
for 1 h for A�42 detection and 2 h for A�40 detection.
After five rinses with washing solution, chromogen
was added to each well, and blue color was developed
in the dark. The reaction was terminated by addition
of 100 �L stop solution, and absorbance was mea-
sured at 450 nm using an Infinite M200 microplate
reader (Tecan). The levels of A�42 and A�40 were
calculated using standard curves.

The oligomeric form of A� peptide was mea-
sured with ELISA kit from Biosensis (Thebarton,
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Australia). A 100-�L TBS fraction was added to the
pre-coated microplate well and incubated for 24 h
at 4◦C. After washed for five times with washing
solution, 100 �L of detection antibody was added
to each well and the plate was incubated for 1 h on
a shaker (140 rpm) at room temperature. After five
rinses, streptavidin-HRP conjugate was added into
each well and the plate was incubated for 30 min on
a shaker at room temperature. Then, a 100-�L TMB
solution was added to the well after five rinses and
incubated for 8 min at room temperature in dark. The
reaction was stopped by addition of 100 �L stop solu-
tion into each well. The absorbance was measured
at 450 nm using an Infinite M200 microplate reader
(Tecan). The levels of A� oligomers were calculated
using a standard curve.

Evaluation of plaques

A�- and Iba-1-positive areas in the cortex and
hippocampus were viewed with an Olympus BX50
microscope (Olympus, Tokyo, Japan) and images
captured with a digital camera (DP27, Olympus).
Images were analyzed using ImageJ 1.48 V (National
Institutes of Health; USA). First, images were
transformed to eight-bit grayscale. The threshold
was set to 110, and the percent immunoreactive
area was obtained. Four mice from each group
were subjected to immunohistochemical staining,
and for each mouse, five brain sections were
analyzed.

Thioflavin-S-positive plaques were evaluated
according to previous studies with modification [35,
36]. Images were captured at four different locations
within the cortex and hippocampus at ×20 magni-
fication. The images were transformed to eight-bit
grayscale format using ImageJ. The calibration was
set at 2.58 (distance in pixels), 1.00 (known dis-
tance), 1.0 (pixel aspect ratio), and �m (unit length)
and “global” was activated. The threshold was set
by comparison with the original images because of
differences in background staining across sections.
The number of plaques was counted setting the size
to 100–10000 �m2, in a defined area of 0.2 mm2.
Four mice from each group were used for thioflavin-
S staining, and two brain sections were analyzed per
mouse.

Data analysis

Statistical analysis was performed using Graphpad
Prism 6 (GraphPad Software; La Jolla, CA, USA).

Data are presented as mean ± standard error of mean
(S.E.M.). Group mean was compared by one-way
analysis of variance (ANOVA) followed by the Bon-
ferroni post hoc test for multiple comparisons.

RESULTS

In vitro Aβ42 fibrillogenesis was inhibited by TRF

We investigated direct interactions between A�
and TRF in in vitro experiments. Firstly, SDS-
polyacrylamide gel electrophoresis was carried out
to study the effect of TRF on the profiles of A�42
aggregates. Incubation of A�42 with vehicle (PBS
containing 5% ethanol) at 37◦C for 24 h resulted in a
large amount of high molecular weight A�42 aggre-
gate at the top of the gel and little “smear” down
the length of the gel, indicating that high molec-
ular weight A�42 aggregate was too large to enter
the gel (Fig. 1A). A similar gel staining pattern was
observed for A�42 incubated with 0.1% v/v PO. In
contrast, a darker smear and more intense bands of
low molecular weight A�42 aggregates, which are
small enough to enter the gel, were observed in
gels loaded with A�42 incubated in 0.1% v/v TRF.
We further examined the dose-dependent effect of
TRF on this disruption of high molecular weight
A�42 fibril formation. Indeed, as the concentration
of TRF was increased from 0.001% to 0.01% and
0.1%, the intensity of lower molecular weight fib-
rils increased, and trimers and tetramers appeared.
These results strongly suggest that TRF can dis-
rupt the formation of high molecular weight A�42
aggregates.

Next, we investigated the effect of TRF on the
formation of fibrillar A�42 in vitro through ThT
fluorescence assay after 0-, 6-, 24-, and 48-h incu-
bation. The fluorescence intensity of A�42 incubated
alone (5% ethanol in PBS) increased progressively
with incubation time (Fig. 1B). Consistent with
immunoblotting, formation of A�42 fibrils was sig-
nificantly reduced in the presence of 0.1% v/v
TRF after 24 h (p < 0.01) and 48 h (p < 0.05) com-
pared with A�42 incubated alone and compared
with PO after 24 h (p < 0.05). Further, fluorescence
intensity decreased progressively at increasing TRF
concentration (0.001%, 0.01%, and 0.1% v/v), with
the reduction significant at 0.001% v/v after 48 h
(p < 0.05), at 0.01% v/v after 24 and 48 h (p < 0.05
and p < 0.01, respectively), and at 0.1% after 24 and
48 h (p < 0.01) compared with A�42 incubated alone.
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Fig. 1. In vitro treatment with the tocotrienol-rich fraction (TRF) of palm oil prevents A�42 aggregation. A) A�42 samples treated with TRF,
palm oil stripped of vitamin E (PO), or vehicle (5% ethanol in phosphate-buffered saline) for 24 h at 37◦C were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. TRF-treated A�42 at final concentration of 0.1% v/v displayed a marked smear and intense bands
compared to non-treated and PO-treated A�42. Amyloid-�42 incubated with 0.001%, 0.01%, or 0.1% v/v of TRF showed increasing in the
density of smear and bands at concentration-dependent manner. Arrowhead indicates the top of the gel (A). B) Thioflavin T fluorescence
intensity measured after 0-, 6-, 24-, and 48-h incubation of A�42 with vehicle (A�42 alone), PO, or TRF. Fluorescence intensity increased
with time, indicating progressive A�42 fibril formation. This process was significantly slowed by TRF and PO. C) The inhibitory effect of
TRF on fibril formation was concentration dependent. Data presented as mean ± S.E.M. Significance (Bonferroni post hoc test after analysis
of variance): ∗p < 0.05, ∗∗p < 0.01 versus A� alone; #p < 0.01 versus A� + 0.1% PO.

Amyloid-β oligomerization was inhibited
by TRF under cell-free conditions

We examined the potential of TRF to inhibit A�
oligomer formation under cell-free conditions using
PICUP method. As shown in Fig. 2A, the cross-
linked mixtures of 25 �M A�40 in PBS (control)
resulted in oligomer formation from dimer to trimer,
although uncross-linked samples were visualized as
1 band representing the monomeric form of A�.
Cross-linked mixtures containing 25 �M A�40 with
0.001% v/v TRF showed a slight reduction of A�40
oligomer forms (dimer and trimer). Furthermore,
0.1% TRF markedly inhibited A�40 oligomer for-
mation. Similarly, cross-linked mixtures containing
25 �M A�42 with TRF showed a dose-dependent
reduction in A�42 oligomers. The A�40 and A�42
oligomer formations were not changed by PO treat-
ment. In addition, we conducted PICUP experiment
using glutathione-S-transferase (GST) to investigate
the specificity of TRF on inhibiting PICUP oligomer
formation. TRF did not inhibit GST oligomerization
in PICUP assay (data not shown). Therefore, this find-

ing confirmed the specificity of TRF to inhibit A�
oligomerization.

TRF-treated Aβ aggregates did not promotes
SH-SY5Y cells viability

We investigated the cell toxicity of A�42 aggre-
gates that were prepared in the presence of TRF
during the aggregation process. To evaluate cell toxi-
city, 10 �M A�42 were incubated for 24 h at 37◦C to
form aggregates, in the presence or absence of 0.1%
v/v TRF or PO, and then the A�42 aggregates were
treated in SH-SY5Y cells for 24 h at final concentra-
tions of 0.3 �M A�42 and 0.003% v/v TRF or PO. A
significant reduction of cell viability approximately
up to 56% was detected in 0.3 �M A�42 aggregates,
compared to vehicle (p < 0.001) (Fig. 3A). No signif-
icant difference was found in cell viability of 0.3 �M
A�42 aggregates prepared in the presence or absence
of TRF or PO compared to 0.3 �M A�42 aggre-
gates alone. In addition, no significant difference was
found in cell viability in the treatments with TRF
(Fig. 3B) and PO (Fig. 3C) at final concentration of
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Fig. 2. Tocotrienol-rich fraction (TRF) treatment inhibits A�40 and A�42 oligomerization under cell-free conditions. A�40 (A) and A�42
(B) peptides were mixed with phosphate-buffered saline (PBS) (control), TRF, palm oil stripped of vitamin E (PO), or 5% ethanol in PBS
(vehicle) and cross-linked by PICUP. The samples were subjected to gel electrophoresis and visualized by silver staining. TRF inhibited
oligomer formation in both A�40 and A�42 in a dose-dependent manner. No effects on A� oligomer formation were found with PO treatment.
M = marker, UnXL = uncross-linked A� peptides prepared without light exposure.

Fig. 3. TRF-treated A�42 aggregates did not increased cell viability in SH-SY5Y cells. A) 10 �M A�42 were incubated for 24 h at 37◦C to
form aggregates, in the presence or absence of TRF or PO, and then the A�42 aggregates were treated to SH-SY5Y cells for 24 h at final
concentrations of 0.3 �M A�42. A significant reduction of cell viability approximately up to 56% was detected in 0.3 �M A�42 aggregates,
compared to vehicle. No significant difference was found in cell viability of 0.3 �M A�42 aggregates prepared in the presence and absence
of TRF or PO. No inhibitory effect of TRF-treated A�42 aggregates at different dosage on cell viability. B,C) No significant difference in cell
viability was found in TRF (B) and PO (C) treatments without A�42 aggregates. Data presented as mean ± S.E.M. Significance (Student’s
t-test): ∗∗∗p < 0.001 0.3 �M A�42 versus vehicle. No significance by Bonferroni post hoc test after analysis of variance.
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Fig. 4. Schematic diagram of the novel object recognition procedure. Mice were divided into four groups: wild-type mice that received
water (WT) and three groups of A�PP/PS1 mice that received water (Cont), tocotrienol-rich fraction (TRF), or palm oil stripped of vitamin
E (PO). Daily supplementation started at 5 months and continued until 15 months of age. Four days before sacrifice and brain collection, the
mice were subjected to the novel object recognition test as described in the text.

0.00003%, 0.0003%, and 0.003% v/v, compared to
vehicle.

TRF supplementation improved cognitive
impairment in AβPP/PS1 mice

Novel object recognition test was conducted to
study the effect of TRF supplementation on behav-
ioral disorder of A�PP/PS1 mice. The test was
performed according to the schematic diagram shown
in Fig. 4. All mice spent equal time exploring the iden-
tical objects during the training trial, indicating no
location preference (Fig. 5A). Mice were then tested
in novel object recognition after 60 min by measure
the time spent exploring a new object that replaced
one of the two identical (familiar) objects. Wild-type
mice spent a significantly longer time exploring the
novel object compared with the familiar object (79%
recognition index), indicating preserved memory for
the familiar object. On the contrary, A�PP/PS1 mice
supplemented with water (control) showed a sig-
nificantly lower recognition index (approximately
60%), indicative of AD-related cognitive decline.
In contrast, A�PP/PS1 mice administered 60 mg/kg
TRF daily showed a recognition index comparable
with WT mice (80%). Administration of PO slightly
enhanced the recognition index compared with con-
trols, but the increase did not reach significance.
This finding demonstrates a therapeutic effect of TRF
on age-related cognitive decline in AD model mice
(Fig. 5B).

TRF reduced Aβ deposition in the brain
of AβPP/PS1 mice

Immunohistochemical staining with anti-A� N-
terminal antibody was measured in the brains of
A�PP/PS1 mice to assess the effects of control,
PO, and TRF supplementation on A� deposition
(Fig. 6A). The immunoreactive area was uniformly
higher in cortex than hippocampus (Fig. 6B). Hip-
pocampal deposition of A� was slightly reduced
in TRF-supplemented mice, although the difference
was not significant (Fig. 6B, left), while a sig-
nificant reduction was observed in the cortex of
TRF-supplemented mice compared with control and
PO groups (p < 0.05; Fig. 6B, right).

Thioflavin-s staining was also conducted to inves-
tigate fibrillar-type A� deposition in brain sections
[35, 37]. Representative images of hippocampus
and cortex stained with thioflavin-s are presented
in Fig. 6C. Mice receiving daily TRF exhibited
fewer thioflavin-s-positive A� deposits in both brain
regions compared with control and PO groups.
Semiquantitative analysis demonstrated a significant
reduction in the number of amyloid plaques in the hip-
pocampus and cortex of TRF group mice compared
with control and PO groups (p < 0.05; Fig. 6D).

Microglial activity was not affected by TRF

Immunohistochemical staining for Iba1 was per-
formed to evaluate microglial activation in the brain
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Fig. 5. Supplementation with tocotrienol-rich fraction (TRF) pre-
vents cognitive deficits in A�PP/PS1 mice as measured by the
novel object recognition test. Four days before sacrifice, wild-type
mice (WT; n = 13) and A�PP/PS1 mice supplemented daily with
water (Cont; n = 9), TRF (n = 11), or palm oil stripped of vitamin
E (PO; n = 10) for 10 months were subjected to the novel object
recognition test. A) All groups spent approximately equal time
exploring the two identical objects during the training trial, indi-
cating no inherent place preference. B) Control mice exhibited a
significantly lower recognition index compared with WT mice,
while TRF rescued recognition index to the WT level. Data rep-
resent mean ± S.E.M. Significance (Bonferroni post hoc test after
analysis of variance): ‡p < 0.05 versus WT mice; ∗p < 0.05 versus
TRF-supplemented mice.

sections of WT mice and control, PO-treated, and
TRF-treated A�PP/PS1 mice (Fig. 7A). Control
A�PP/PS1 group mice exhibited significantly higher
Iba1-immunoreactivity in the hippocampus and cor-
tex compared with WT (p < 0.01), but there were no
differences in staining among the control, PO, and
TRF groups (Fig. 7B).

Aβ levels were not affected by TRF
supplementation

Finally, we examined the effects of TRF supple-
mentation on A� levels in brain homogenates. The
levels of soluble A�40, A�42, and A� oligomers in

the TBS fraction from hippocampus and cortex did
not differ between mouse groups (Fig. 8A–E). There
were no statistically significant differences in the
level of A� oligomers between groups; however, the
level of A� oligomers appears to increase in the TRF
group. Similarly, levels of insoluble A�40 and A�42
did not differ (Fig. 8F–I), although the TRF group
displayed a trend for lower A�40 and A�42 in cortex
compared with the control group (Fig. 8G, I).

DISCUSSION

The present study showed that TRF inhibited the
formation of high molecular weight A� aggregates
by reduction A� oligomers, and eventually attenu-
ated A� fibrillization in vitro. These results were
supported by a reduction of A� fibril and deposit
in the brains of A�PP/PS1 mice supplemented with
TRF. Collectively, these data suggested the modula-
tion of A� by TRF, thus contributing to the recovery
of cognitive impairment in A�PP/PS1 mice.

Amyloid fibril formation begins with polymeriza-
tion of soluble A� oligomers to form protofibrils that
coalesce into insoluble A� fibrils and plaques [38,
39]. The aggregation into A� fibrils results from inter-
actions between aromatic residues of A� peptides,
which stabilize the antiparallel �-sheet structure
[40–42]. However, the aromatic interactions between
A� peptides can be diminished by small aromatic
molecules such as polyphenols that act as in vitro
inhibitors of A� fibril formation [43, 44]. This notion
was proved by our in vitro study that demonstrated
TRF inhibited the formation of A� oligomers and
increased lower molecular weight A�42 aggregates
thus showing an inhibition of A� fibril formation in a
dose-dependent manner. Although the mechanism of
action was not studied, we speculate that the aromatic
structure of tocopherol and tocotrienols specifically
binds to A� peptides that prevent from polymeriza-
tion into fibril form. Furthermore, these findings were
in agreement with our in vivo results shown by a
reduction of A� fibril in the hippocampus and cortex
of A�PP/PS1 mice supplemented with TRF.

TRF was shown to inhibit A�42 fibrillogenesis in
vitro and in vivo. As shown in our in vitro study, it
is probable that the inhibition of A�42 fibrillogene-
sis induced the formation of lower molecular weight
A� aggregates, including oligomers, known as the
most toxic species of A� assemblies. Therefore, we
investigated the cell toxicity of A� aggregates that
were prepared in the presence of TRF during the
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Fig. 6. The tocotrienol-rich fraction (TRF) reduces A� deposits in the brain of A�PP/PS1 mice. A–D) Coronal brain sections from A�PP/PS1
mice supplemented with water (Cont; n = 4), TRF (n = 4), or palm oil stripped of vitamin E (PO; n = 4) were stained with anti-A� N-terminal
antibody (A and B) or thioflavin S (C and D). A) Representative images of hippocampus and cortex from control, TRF, and PO groups stained
with anti-A� N-terminal antibody. B) TRF-supplemented A�PP/PS1 mice show significantly decreased A� immunoreactive area compared
to control and PO groups in the cortex. C) Representative images of hippocampus and cortex from control, TRF, and PO groups stained
with thioflavin S. Brain sections stained without thioflavin S served as negative controls (Negative cont.) D) Brains from A�PP/PS1 mice
supplemented with TRF showed a significant decrease in the number of plaques compared with control and PO groups in the hippocampus
and cortex. Data represent mean ± S.E.M. Significance (Bonferroni post hoc test after analysis of variance): ∗p < 0.05, ∗∗p < 0.01 versus
control mice; #p < 0.05 versus PO-supplemented mice. Scale bar: 100 �m.
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Fig. 7. Treatment with tocotrienol-rich fraction (TRF) has no effect on microglial activity. Twenty-micrometer brain sections from wild-type
mice (WT; n = 4) and A�PP/PS1 mice supplemented with water (Cont; n = 4), TRF (n = 4), or palm oil stripped of vitamin E (PO; n = 4) were
stained with anti-Iba1 antibody for detection of activated microglia. A) Representative images of the hippocampus and cortex from WT,
Cont, TRF, and PO groups. B) Control mice show significantly increased in the immunoreactivity in the hippocampus and cortex compared
with WT, while immunoreactivity does not differ among Cont, TRF, and PO groups. Data represent mean ± S.E.M. Significance (Bonferroni
post hoc test after analysis of variance): ‡p < 0.05, ‡‡p < 0.01 versus WT mice. Scale bar: 100 �m.

aggregation process. However, no exacerbation of
cell toxicity was detected between the A� aggre-
gates prepared in the presence and absence of TRF.
In addition, PICUP experiments showed that TRF
inhibited both A�40 and A�42 oligomer formations.
Based on these results, the inhibitory effect of TRF
on A� aggregation would be favorable for improving
pathological changes in A� in AD.

The possibility that TRF inversely make the
already aggregated A� to form oligomeric species in
vivo remains untested. Indeed, the TRF group showed
an apparent increase in A� oligomers when compared
with control; however, this effect was not statistically
significant. Notably, one mouse in the TRF group
showed a high level of A� oligomers that caused a
larger standard deviation, as shown by the increased
length of the error bar. However, the other three mice
from the TRF group showed similar levels of A�
oligomers when compared with the control and PO
groups. Thus, TRF supplementation does not appear
to increase oligomers via disaggregation of A� in
vivo. This study is the first to investigate the effect of
TRF on A� aggregation, and to date, no studies have
examined the ability of TRF to disaggregate A� into
oligomeric species in vivo or in vitro. Thus, further
study is needed to clarify this potential effect.

According to Herrup [45], deposition of A� alone
may not be the only pathogenic event required for
the development and clinical manifestations of AD.
Indeed, A� accumulation is also observed in the
brains of cognitively healthy older people as reviewed
by Jagust [46]. Therefore, in the present study, we
also investigated the efficacy of TRF to preserve
recognition memory in A�PP/PS1 mice using a spon-
taneous behavioral response (exploration of novel
objects) that does not require stimulus presentation
[47]. Our results demonstrated that the A�PP/PS1
mice supplemented daily with water showed a sig-
nificant decline in novel object exploration time
compared with aged-matched WT, consistent with
other age-related memory impairment in A�PP/PS1
mice [48–50]. This decline in cognitive function was
rescued to a greater extent by daily TRF supple-
mentation than by PO, suggesting TRF is the active
antifibrillogenic and neuroprotective component.

Using A� immunohistochemical and thioflavin-
s staining, we demonstrated that TRF reduced A�
deposition and fibrillization in vivo. However, neither
A�40, A�42, and A� oligomers levels nor microglial
activity indicative of brain inflammation was affected
by TRF. A previous study reported that �-tocopherol
administered as a chow diet supplement at a young
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Fig. 8. Tocotrienol-rich fraction (TRF) supplementation does not affect brain levels of A� in A�PP/PS1 mice. Hippocampus and cortex
from A�PP/PS1 mice supplemented with water (Cont; n = 4), TRF (n = 4), or palm oil stripped of vitamin E (PO; n = 4) were homogenized
and soluble (Fig. 8A–E) and insoluble (Fig. 8F–I) A� fractions extracted. Levels of A�40, A�42, and A� oligomers were determined by
enzyme-linked immunosorbent assay. No significant differences in soluble and insoluble A� levels were found among groups, although
insoluble A�40 and A�42 in the cortex was lower in the TRF-supplemented group (Fig. 8G and I). Data represent mean ± S.E.M. No
significance by Bonferroni post hoc test after analysis of variance.

age reduced A� levels and deposition in the brains
of Tg2576 mice [28]. It is possible that TRF did
not affect A� levels or microglial activity due to a
few limitations such as insufficient dose, subopti-
mal method of administration, low bioavailability,
late age of initiation (5 months), or inherent dif-
ferences in AD animal models. These A�PP/PS1
mice exhibit a higher level of A� accumulation than
Tg2576 mice and already show A� deposition at
5 months [51]. In contrast, supplementation of �-
tocopherol was started as early as 6 months before
A� deposition in Tg2576 mice [28]. Thus, earlier
dosing may have more pervasive benefits. Further-
more, we did not measure TRF bioavailability under
oral dosing. It was reported that the bioavailability of
�-tocotrienol under chow diet supplementation was
very low [52]. Alternatively, another study reported
that oral �-tocotrienol reached the brains of preg-
nant rats and fetuses [53], consistent with our results
showing that 60 mg/kg was sufficient to reduce both
neuropathological and functional progression of AD
in A�PP/PS1 mice. Further studies are necessary to

determine the optimal dosing protocol for TRF and
also to measure the concentration of TRF in specific
brain regions that contributed to these findings.

Epidemiological studies suggest that intake levels
of specific dietary micronutrients, including vita-
min E, protect against AD and associated cognitive
impairment [20]. Furthermore, food sources con-
taining tocotrienols may be particularly effective
for prevention of age-related neurodegenerative dis-
orders due to antioxidant, anti-inflammatory, and
cholesterol lowering capacities [19]. The RRR-�-
tocopherol quinone component inhibited A�42 fibril
formation while �-tocopherol failed to do so. [22].
In humans, higher plasma vitamin E was associated
with lower AD incidence and combination of vitamin
E forms related to neuroprotection [24]. It is possible
that no medication with a single target or mode of
action will ever prove sufficient for AD treatment.
However, the multiple neurochemical and clinical
effects of vitamin E mixtures, such as TRF found
in palm oil, suggest great promise as an alternative
treatment strategy.
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As described by Petersen, et al. [54], regardless
of the beneficial effects shown by TRF, previ-
ous randomized controlled trials with large sample
sizes have indicated that �-tocopherol failed to res-
cue neither cognitive decline in AD patients nor
the conversion from mild cognitive impairment to
AD. This group demonstrated that supplementa-
tion of vitamin E to subjects with amnestic mild
cognitive impairment showed no significant differ-
ences in the progression to AD when compared
with placebo groups. In the TEAM-AD VA study
[18], Dysken, et al. observed that �-tocopherol suc-
cessfully slowed decline only in the Alzheimer’s
Disease Cooperative Study/Activities of Daily Liv-
ing (ADCS-ADL) Inventory scores, but not in the
Mini-Mental State Examination (MMSE) scores nor
the Alzheimer Disease Assessment Scale-Cognitive
Subscale (ADAS-cog) scores. Therefore, this study
revealed the beneficial effects of �-tocopherol on
ADL but not cognitive function. Similar finding was
also observed by Sano, et al. [55]. Overall, the ran-
domized controlled trials with large sample size, all
similarly demonstrated no beneficial effects of �-
tocopherol on cognitive function in patients with AD.

The mechanisms in neuroprotection of TRF are
likely due to tocotrienols because they are the
major constituents of vitamin E. Unlike tocopherols,
tocotrienols contain three trans double bond in
the side chain. A previous study revealed that
�-tocotrienol exhibits a significantly greater per-
oxyl radical scavenging potency than �-tocopherol
in phosphatidylcholine liposomes [56]. In addi-
tion, at nanomolar concentration, �-tocotrienol, but
not �-tocopherol, protects against glutamate-induced
neuronal death by suppressing inducible pp60 c-
Src kinase activation [57]. Another study showed
that �-tocopherol had no effect on A� aggregation
[22]; however, our results indicated that TRF inhib-
ited the formation of A� aggregates, suggesting an
inhibitory effect of tocotrienols on A� aggregation.
Taken together, the TRF as well as tocotrienols have a
higher potential for neuroprotection when compared
with �-tocopherol.

In summary, the therapeutic effects of TRF on A�
pathogenesis were evaluated in vitro and in vivo. The
TRF successfully inhibited A� oligomers formation,
and A� aggregation in vitro, and reduced A� accu-
mulation in vivo. Although A� levels and microglial
activity were not affected, cognitive impairment was
rescued by TRF in A�PP/PS1 mice. Therefore, we
propose that TRF could be a promising therapeutic
agent for preventing AD.
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