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Abstract. We have recently shown that the tocotrienol-rich fraction (TRF) of palm oil, a mixture of vitamin E analogs,
improves amyloid pathology in vitro and in vivo. However, precise mechanisms remain unknown. In this study, we examined
the effects of long-term (10 months) TRF treatment on behavioral impairments and brain metabolites in (15 months old)
A!PP/PS1 double transgenic (Tg) Alzheimer’s disease (AD) mice. The open field test, Morris water maze, and novel object
recognition tasks revealed improved exploratory activity, spatial learning, and recognition memory, respectively, in TRF-
treated Tg mice. Brain metabolite profiling of wild-type and Tg mice treated with and without TRF was performed using
ultrahigh performance liquid chromatography (UHPLC) coupled to high-resolution accurate mass (HRAM)-orbitrap tandem
mass spectrometry (MS/MS). Metabolic pathway analysis found perturbed metabolic pathways that linked to AD. TRF
treatment partly ameliorated metabolic perturbations in Tg mouse hippocampus. The mechanism of this pre-emptive activity
may occur via modulation of metabolic pathways dependent on A! interaction or independent of A! interaction.
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INTRODUCTION

Alzheimer’s disease (AD) is an irreversible, pro-
gressive neurodegenerative disorder and the most
prevalent form of dementia among the elderly. World-
wide, 47 million people suffer from AD or related
dementia, and this number is projected to reach 131.5
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million by 2050 [1]. AD is characterized by a gradual
impairment of memory and cognition, accompanied
by pathological hallmarks such as accumulation of
amyloid plaques and tau protein neurofibrillary tan-
gles [2]. A combination of genetic, environmental,
and lifestyle factors appear to increase AD risk [3].

Amyloid pathology is observed about 20 years
before clinical onset [4, 5]. Therefore, treatment dur-
ing very early stages of AD, including the preclinical
stage, may halt or slow disease progression. However,
treatments for preclinical AD patients should have
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minimal side effects. The development of therapeutic
drugs from natural food products is thus of great inter-
est. Natural-source antioxidants are one promising
therapeutic strategy against AD. However, clinical
studies conducted to date have reported inconsistent
therapeutic efficacy [6–8].

Vitamin E, a lipid-soluble antioxidant, is classi-
fied into tocopherols and tocotrienols. In addition to
free radical scavenging activity, vitamin E also mod-
ulates signal transduction [9, 10]. Both tocopherol
and tocotrienol classes consist of alpha ("), beta (!),
gamma (#), and delta (δ) isomers. The tocotrienols,
while less well characterized than tocopherols, have
attracted attention due to more potent antioxidant
activity and associations with human pathologies
[11, 12]. Tocotrienols are usually minor vitamin E
components in plants, but relatively high levels are
found in palm oil extracted from Elaeis guineensis
(African oil palm tree). Vitamin E in palm oil contains
nearly 70% tocotrienols [13]. The unique structure of
tocotrienols, a short tail with 3 double bonds, allows
these molecules to penetrate easily into saturated fatty
layers around the brain and liver [14]. Tocotrienols
have demonstrated neuroprotective effects in vitro
and in vivo [15, 16], and combining tocotrienols and
tocopherols is believed to provide synergistic protec-
tion and reduce AD risk at an advanced age [17, 18].
We also reported that the treatment of tocotrienol-rich
fraction (TRF) on A!PPswe/PS1dE9 (A!PP/PS1)
double Tg mice for 10 months improved working
memory and amyloid pathology in the brain [19].
Using the same treatment protocols as the paper to
different individual wild-type (WT) and A!PP/PS1
double Tg mice, we compared behavioral indices of
learning and brain metabolite profiles, in order to
investigate the underlying mechanism. A number of
metabolomic studies performed in the last several
years have revealed the complexity of the neurochem-
ical changes associated with AD [20–23]. Therefore,
we also examined TRF effects in AD by untargeted
metabolomics. To our knowledge, this is the first
brain metabolomics study to investigate the neuro-
chemical effects of TRF using ultrahigh-performance
liquid chromatography (UHPLC) coupled to HRAM-
orbitrap tandem mass spectrometry (MS/MS).

MATERIALS AND METHODS

Animals

All animal protocols were approved by the
Animal Care and Use Committee of the Shiga

University of Medical Science (Ethical committee
approval number: 2013-6-12H). A!PP/PS1 double
transgenic mice 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). Heterozygous
females were bred with wild-type (WT) males.
The offspring were genotyped by polymerase chain
reaction (PCR) using the APP primers forward-
GACTGACCACTCGACCAGGTTCTG/reverse-CT
TGTAAGTTGGATTCTCATATCCG, and the fol-
lowing two presenilin 1 sequences forward-CTCT
TTGTGACTATGTGGACTGATGTCGG/reverse-G
TGGATAACCCCTCCCCCAGCCTAGACC and
forward- ATTAGAGAACGGCAGGAGCA/reverse-
GCCATGAGGGCACTAATCAT.

Heterozygous (n = 26) and WT (n = 12) male mice
were used for experiments. All mice were housed in
a controlled environment (23◦C, 12/12 h light/dark
cycle, light period from 8 am to 8 pm) with ad libi-
tum access to food and water. One hundred grams of
standard chow contains 24.88% crude protein, 5.03%
crude fat, 49.78% of nitrogen-free extract (NFE), and
343.90 kcal energy (CLEA, Japan). This diet also
contained 0.064 mg/g vitamin E, equivalent to a daily
intake of 0.192 mg.

TRF administration

The TRF was dissolved at 12 mg/mL in palm oil
stripped of vitamin E (PO) as previously described
[19]. Briefly, five-month-old A!PP/PS1 mice were
divided into three groups, Tg-ctrl, Tg-TRF, and Tg-
PO, receiving daily water (Tg-ctrl, 5 mL/kg body
weight), TRF (Tg-TRF, 60 mg/kg body weight), or
PO (Tg-PO, 5 mL/kg body weight) by oral gavage
from 5 to 15 months of age. The TRF in this study con-
sisted of a mixture of "-tocopherol (23.40%) and ",
!, #, and δ-tocotrienol (27.30% "-tocotrienol; 3.34%
!-tocotrienol, 35.51% #-tocotrienol and 10.45% δ-
tocotrienol). Composition and molecular structure of
TRF were detailed in Fig. 1A.

Behavioral tasks

All behavioral tasks were conducted at night. The
timeline of the tasks is illustrated in Fig. 1B. Wild-
type mice (WT-ctrl; n = 12) and A!PP/PS1 mice that
received water (Tg-ctrl; n = 8), TRF (Tg-TRF; n = 9),
or PO (Tg-PO; n = 9) were kept in the testing room
at least 30 min before the test for acclimation. Extra-
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Fig. 1. Schedule of tocotrienol-rich fraction (TRF) administration to A!PP/PS1 mice and the experimental design from 5 to 15 months of
age. A) The composition of "-tocopherol and "-, !-, #-, and δ-tocotrienol isomers in TRF. "-Tocopherol has a long tail with no double bond,
while all tocotrienols have a unique short tail structure with three double bonds. B) Mice were divided into four groups: wild-type mice that
received water (WT-ctrl, n = 12) and three groups of A!PP/PS1 mice that received water (Tg-ctrl, n = 8), tocotrienol-rich fraction (Tg-TRF,
n = 9), or palm oil stripped of vitamin E as a vehicle control (Tg-PO, n = 9). Daily administration started at 5 months and continued until
15 months of age. All mice were subjected to behavioral tasks for 13 days before sacrifice. Brains were collected for metabolites profiling.

maze cues (laboratory furniture, lights, and several
prominent visual features on the walls, as well as
the location of the experimenter) were held constant
throughout the experiment.

Open field test

An experimental chamber consisting of a 38-cm
diameter home-built circular box with walls 22-cm
high and elevated approximately 10 cm above the

floor was used for analysis of locomotion, explo-
ration, and anxiety. A camera was mounted centrally
above the chamber and connected to a computerized
tracking system (CompACT VAS Ver.3.0x, Muro-
machi, Tokyo, Japan). Each mouse was placed in
the center of the chamber and allowed to explore
freely for 5 min. The chamber was cleaned after every
trial. Duration and frequency of rearing, time spent
in the center, and frequency of central entries were
analyzed.
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Morris water maze test

The Morris water maze (MWM) task is frequently
used to assess hippocampus-dependent spatial learn-
ing and memory in rodents [24]. This test was
performed in a 120-cm diameter, 36-cm deep pool
filled with water (20 ± 1◦C) made opaque with
white non-toxic poster color. The pool was virtually
divided into four quadrants with a clear platform of
10-cm diameter submerged approximately 1 cm
beneath the surface in a designated target quadrant.
The MWM protocol consisted of three different tests:
place navigation, a probe test, and cued navigation.
After completion of the MWM tasks, several per-
formance variables were analyzed using CompACT
VAS Ver.3.0x software.

Place navigation

The place navigation learning test was conducted
over 6 consecutive days. Each mouse performed 5 tri-
als per day at 30-min inter-trial intervals. During the
test, a mouse was released facing the pool wall and
allowed 90 s to locate and climb onto the hidden plat-
form; any mouse that did not find the platform within
90 s was gently guided to the platform. After find-
ing the platform, the mouse was allowed a 20-s rest
period on the platform for orientation to the visual
cues in the room. In the next trial, the mouse was
placed at the wall in another quadrant. After comple-
tion of the test, escape latency and swim speed (cm/s)
were analyzed off-line.

Probe test

A single probe test was conducted 24 h after the
last place navigation trial. During this test, the plat-
form was removed from the pool and the mouse was
allowed to swim freely for 90 s. The fraction of time
spent in the target quadrant and the number of plat-
form position crossings were measured.

Cued navigation

During the cued navigation test, the platform was
shifted to another (non-target) quadrant and raised
0.5 cm above the water surface. A red flag was
mounted on the platform extending approximately
7 cm above the water surface. To ensure that the
mouse was using this proximal cue to locate the
platform, the prominent visual features on the walls
were removed and the starting points were pseudo-
randomly selected. Each mouse received ten trials

at 30-min inter-trial intervals. Again, the maximum
searching time was 90 s and the mouse was allowed
to remain on the platform for 20 s. Mice that did not
find the platform within 90 s were gently guided to
the platform. If the average latency of the last three
trials was more than 20 s, the mouse was excluded
from all analyses.

Novel object recognition

The novel object recognition test was conducted
according to a previous study [19] using a 38-cm
diameter home-built circular box with walls 22-cm
high. Wild-type mice (n = 12) and A!PP/PS1 mice
that received water (n = 8), TRF (n = 9), or PO (n = 9)
were kept in the testing room at least 30 min before the
test for acclimation. The test was conducted over four
consecutive days and consisted of four phases: pre-
habituation, habituation, training, and testing. Mice
were habituated with no objects in the open chamber
for 5 min on day 1 (pre-habituation) and for 20 min
on both day 2 and 3 (habituation). On day 4, each
mouse was given a training trial followed by a testing
trial. During the training trial, the mouse was placed
in the chamber with two identical objects and allowed
to explore for 10 min before return to the cage. In the
test trial conducted 1 h later, the mouse was placed
back into the same chamber for 5 min with one pre-
vious object and one novel object. All objects and
the chamber were cleaned with 70% ethanol after
each trial. Exploration was defined as sniffing (within
2 cm), pawing, or biting the object, but not leaning
against or standing on the object. Explorations times
for each object were measured and a recognition
index calculated as the fraction of total exploration
time spent exploring the novel object. To exclude
effects of location preference independent of object
familiarity/novelty, the ratio of exploration times of
the two identical objects was measured during the
training trial.

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%

Untargeted metabolomics

Brain tissue collection and extraction
Mice were sacrificed by cervical dislocation 24 h

after the last behavioral test (n = 3 for each group).
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Hippocampus, medial prefrontal cortex (mPFC), and
striatum were dissected using a brain matrix (Mouse
Brain Slicer Matrix) and sectioned at 1.0-mm coronal
slice intervals (Zivic Instruments Inc., Pittsburgh, PA,
USA) on a cold plate and immediately frozen on dry
ice. The three brain regions and the remaining brain
sample were transferred to individual tubes, weighed,
and stored at –80 °C until assay. For metabolite analy-
ses, the tissue sample was submerged in 1.35 mL of a
water-methanol-chloroform (2:1.5:1, v/v/v) solution
and homogenized using a pestle with the addition
of glass beads. The mixture was sonicated on ice
and then centrifuged at 16,000 ×g for 10 min at
4 ◦C. The tubes were subsequently transferred to a
–20 ◦C freezer and kept there overnight to allow
residual chloroform to separate from the aqueous
methanol phase. The two liquid phases were trans-
ferred to separate 1.5 mL microcentrifuge tubes and
lyophilized under vacuum (Thermo Scientific Savant
SPD 1010 SpeedVac, USA). Only the methanol phase
was used for the current analysis. The dry residue was
reconstituted in 20 $L cold methanol and diluted to
a final volume of 200 $L with the initial LC mobile
phase (0.1% formic acid in water).

Metabolomic analysis by UHPLC-MS/MS
All solvents were purchased from Fisher Sci-

entific (New Jersey, USA) and were of liquid
chromatography mass spectrometry (LC-MS) grade.
Chromatography was performed on an UltiMate 3000
Rapid Separation Liquid Chromatography (RSLC)
system (GmbH, Germany) coupled to a Thermo Sci-
entific Q Exactive HF Orbitrap mass spectrometer
(Bremen, Germany). The Chromeleon Xpress system
and Thermo Xcalibur™ mass spectrometry data sys-
tem were used as system controllers. Two microliters
of extracted sample were injected (n = 3 injections for
each sample) onto a syncronis C18, 100 × 2.1 mm,
1.7 $m column (Thermo Scientific, MA, USA)
operating at 55 ◦C and separated using a binary
mobile phase system. The auto-sampler temperature
was maintained at 0–10◦C and the order in which
the samples were injected was randomized through-
out the experiment. Solvents were delivered at a flow
rate 0.45 mL/min, using water (Solvent A) and ace-
tonitrile (Solvent B), both containing 0.1% formic
acid. The gradient elution program was 99.5% B at
t = 0 min, 50% B at t = 5.5 min, 2% B at 6–13 min,
and 99.5% B at 13.1–15 min. Positive and negative
ionization modes were employed under the follow-
ing conditions: sheath gas flow rate of 20 arbitrary
units (AU), auxiliary gas flow rate of 6 AU, sweep

gas flow rate of 0 AU, capillary temperature 320 ◦C,
and spray voltage 3.5 kV. Mass spectra were acquired
using full MS/dd-MS2 mode, in which MS2 is trig-
gered if an ion with high intensity is found in full
MS. The orbitrap mass spectrometer was operated
in Fourier transform mass spectrometry (FTMS) full
MS scan mode with a high mass resolution of 60,000
and scan range of 100–1,000 m/z. Furthermore, the
samples were subjected to mass fragmentation anal-
ysis (FTMS, high energy collision-trap dissociation
(HCD), (20, 40, and 60 normalized collision energy
(NCE)), MS2) with an isolation window of 1.5 m/z
and 15,000 FTMS.

The MS was first calibrated using Pierce LTQ
Electrospray Ionization (ESI) Positive Ion and Neg-
ative Ion Calibration Solution (Thermo Scientific).
We used quality control (QC) samples prepared by
mixing an equal volume of each sample to assess the
reproducibility and reliability of the LC-MS/MS sys-
tem. This pooled QC sample was injected five times
prior to individual sample analysis to ensure system
equilibrium and then every nine sample runs to further
monitor the stability of the analysis.

Data pre-processing

Raw data were processed using Thermo
ScientificTM Compound DiscovererTM 2.0 software
with a single workflow ‘Untargeted Metabolomics
workflow with statistics and ID using mzCloud
ChemSpider, Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathways’. This processing work-
flow uses the ‘Detect Unknown Compounds’ node to
find chromatographic peaks of unknown compounds
(MW × RT) and the ‘Predict Compositions’ node to
determine the possible elemental compositions. The
processing workflow also included library search
against the mzCloudTM high-resolution accurate
mass (HRAM) fragmentation library, mass list
search against the built-in HRAM EFS library, and
map to KEGG pathways. Mass tolerance on every
node was set at 5 ppm. The pre-processed data were
then exported to.xlsx files for further multivariate
analysis.

Multivariate statistics

Metabolomic profiles were compared among
groups using SIMCA-PTM software (version 14.1,
Umetrics AB, Umea, Sweden). First, data were
subjected to multivariate analysis by principal com-
ponent analysis (PCA) and orthogonal partial least
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squares-discriminant analysis (OPLS-DA). Before
statistical analyses to extract relevant biological
information, data sets are usually scaled and trans-
formed to minimize the technical variability between
individual samples [25]. Data were Pareto scaled and
logarithmic transformed to approximate a normal dis-
tribution. The quality of the OPLS-DA model was
described by the total amount of the variation of the
X variables explained by the model (R2X(cum)), total
amount of the variation of the Y variables explained
by the model (R2Y(cum)) and total amount of the
predictability of the model (Q2

(cum)) values. Good
models are obtained when the cumulative values of
these parameters are greater than or equal to 0.4.
Permutation testing was used to confirm the model
validity. Potential features were selected according
to a ‘variable important in the projection’ (VIP)
score above 1.0, indicative of significant differences
among groups. In addition, MetaboAnalyst 3.0 soft-
ware was used to conduct t-tests and fold-change
analysis [26]. False discovery rates (FDR) below 0.05
were regarded as statistically significant.

Features identification

Discriminant features (VIP > 1.0 and significant by
FDR<0.05) detected by LC-MS profiling were iden-
tified using experimental accurate mass by searching
the Metlin library [27] and Human Metabolome
Database (HMDB) [28–30] with a mass accuracy of
5 ppm. These online databases are linked to KEGG
[31], PubChem [32], LIPID MAPS [33], and ChEBI
[34] for further investigation. Putative identifications
were also confirmed by comparing MS/MS spectra
against the online mzCloud mass spectral database
linked to Compound Discoverer 2.0 software.

Metabolic pathway analysis

To identify and visualize the metabolic pathways
altered in Tg-ctrl and Tg-TRF mice, the previously
identified features were analyzed using Metabolomic
Pathway Analysis (MetPA) software [26]. For this,
we selected the Mus musculus library and used
the ‘Fisher’s Exact Test’ and ‘Relative-Betweenness
Centrality’ algorithms for pathway enrichment anal-
ysis and pathway topological analysis, respectively.
Pathways with impact values above 0.1 are con-
sidered most relevant [35]. The information in this
knowledgebase application was obtained primarily
from the HMDB and KEGG [36].

Data analysis

Data are presented as mean ± standard error
of the mean (S.E.M.). Data sets that passed the
Shapiro-Wilk normality test were compared by the
analysis of variance (ANOVA), followed by post
hoc correction for pair-wise comparisons. Data
not normally distributed were compared by the
Kruskal-Wallis test. One-way ANOVA was applied
to all the behavioral tests data except for escape
latency and swimming speed. The comparisons were
performed between independent grouping variables
including WT-ctrl, Tg-ctrl, Tg-TRF, and Tg-PO.
Dependent variables were stated in each figure.
While two-way ANOVA was applied for escape
latency and swimming speed in the Morris water
maze test. Days/trials and groups (WT-ctrl, Tg-ctrl,
Tg-TRF, and Tg-PO) were considered as factors
(independent variables). Interaction effect was not
tested because we wanted to see the effects of
independent variables factor only. The insignificance
level was set at 0.05 for all comparisons. Statistical
analysis was performed using GraphPad Prism 7
(GraphPad Software; La Jolla, CA, USA).

RESULTS

TRF increases exploratory activity of AβPP/PS1
mice

Mice were first examined in an open field for
locomotion, exploration, and anxiety behaviors as
measured by the total number of movements, total
path length traveled, number of line crossings, num-
ber of rearings, total rearing duration, time spent
in the center, the number of central entries. Tg-
ctrl mice exhibited exploratory deficits compared to
WT-ctrl mice as indicated by fewer rearings and
shorter total rearing time (p < 0.05) (Fig. 2A, B).
ANOVA with post hoc correction revealed a signif-
icant effect of TRF supplementation on duration of
rearing (p < 0.05), indicating enhanced exploration,
while PO was without effect. Tg-ctrl mice also
spent less time in the field center than WT-ctrl mice
(p < 0.05). Tg-TRF, however, did not reveal signifi-
cant differences in time spent in center and number
of central entries after Bonferroni correction (Fig. 2C,
D). Administration of PO had no influence on open
field parameters. Other parameters such as the total
number of movements, total path length traveled, and
number of line crossings showed no significant dif-
ference among groups (data not shown).
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Fig. 2. Administration with the tocotrienol-rich fraction (TRF) of palm oil improves exploration activity in A!PP/PS1 mice as measured
by the open field test. A, B) Tg-ctrl mice displayed significantly lower total rearing time and number of rearings compared to WT-ctrl mice,
while Tg-TRF mice showed a significant improvement in total rearing time and a slight increase in rearing frequency. C, D) The time spent
in the field center and the frequencies of central entries were slightly higher in both WT-ctrl and Tg-TRF mice compared to Tg-ctrl mice,
although the difference was not significant. Data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance (WT-ctrl,
n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. ∗∗p < 0.01, ∗p < 0.05.

TRF improves spatial learning and memory of
AβPP/PS1 mice

The Morris water maze test was conducted to
study the effects of TRF on the spatial learning and
memory deficits of A!PP/PS1 mice. The test was car-
ried out according to the schematic diagram shown
in Fig. 3A. After six days of training in the place
navigation test, WT-ctrl and Tg-TRF showed signif-
icantly shorter escape latencies on training day 4, 5,
and 6 compared to day 1, indicating faster learning
of the escape platform location (Fig. 3B). On day six,
Tg-ctrl mice took significantly more time to find the
hidden platform (longer escape latency) compared to
WT-ctrl mice (65 s versus 34 s, p < 0.01), indicative of
a spatial learning disability, while Tg-TRF exhibited
escape latencies comparable to WT-ctrl mice (40 s,
p > 0.05, Fig. 3C). These results were not attributable
to differences in swimming speed (Fig. 3D). Fur-

ther, administration of PO had no effect on spatial
learning. Collectively, these results demonstrate a
pre-emptive effect of TRF on the spatial learning
deficit in A!PP/PS1 mice.

On day 7, a probe trial was conducted in which
the platform was removed from the pool to measure
spatial memory retention. Tg-ctrl mice spent sig-
nificantly less time in the escape platform (target)
quadrant and made fewer annulus crossing of the for-
mer platform location than WT-ctrl mice (p < 0.05),
consistent with a spatial memory deficit (Fig. 3E, F),
while mice given TRF or PO showed increased time
spent in the target quadrant and number of platform
crossing.

The cued navigation test (visible platform test) was
performed following the probe trial to determine if
genetic manipulation or drug injection altered visual
acuity, thereby influencing spatial learning. Escape
latencies in all groups decreased progressively with
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Fig. 3. Administration with tocotrienol-rich fraction (TRF) enhances spatial learning in A!PP/PS1 mice as measured by the Morris water
maze task. A) Schematic diagram of the Morris water maze (MWM) procedure. All mice were subjected to place navigation training,
a probe test, and cued navigation test over 8 days. B) Escape latencies to reach the platform at a fixed location during place navigation
training (acquisition) from day 1 to day 6. WT-ctrl and Tg-TRF showed significantly shorter escape latencies on training days 4, 5, and 6
compared to day 1, while Tg-ctrl mice showed no reduction compared to day 1. C) On day 6 of place navigation training, Tg-ctrl mice took
significantly longer to reach the platform than WT-ctrl mice, while Tg-TRF were quicker than Tg-ctrl mice. D) No significant differences
in swim speed were observed among groups. E, F) A single probe test was conducted one day after the last place navigation training trial.
Tg-ctrl mice spent less significantly time in the target quadrant and made fewer annulus crossings than WT-ctrl mice. G) On day 8, the cued
navigation test (visible platform test) was conducted. Mice failing to reach a criterion of 20-s latency for the last three trials were considered
impaired and removed from the MWM task analysis. No significant differences were detected among groups. For B, D, and G, data represent
mean ± S.E.M. [Tukey post hoc test after 2-way analysis of variance (WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. For C, E, and F, data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance
(WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. ∗p < 0.05, ∗∗p < 0.01.

trial number and all mice achieved an escape latency
of less than 20 s on the last three trials (Fig. 3G),
indicating comparable visual capabilities.

TRF improves recognition memory in AβPP/PS1
mice

Novel object recognition memory was tested
according to the schematic diagram shown in Fig. 4A.
All mice spent approximately equal time exploring
the identical objects during the training trial, indicat-
ing no location bias (Fig. 4B). Following the training
trial on day 4, one of the familiar objects was replaced
by a novel object and the time spent exploring the
novel object was measured as a recognition index

(Fig. 4C). The Tg-ctrl mice spent markedly less time
exploring the novel object than WT-ctrl and Tg-TRF
mice, both of which exhibited a strong preference for
the novel object (84% and 87% recognition indices,
respectively). Moreover, the Tg-TRF mice exhib-
ited greater exploratory activity to the novel object
compared to PO-treated mice. This finding reveals
that TRF ameliorates recognition memory deficit in
A!PP/PS1 mice.

Multivariate analysis of metabolomics data

In total, 783 accurate masses were detected in hip-
pocampus using the positive electrospray ionization
mode (ESI (+)) and 895 using the ESI (–) mode, while
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Fig. 4. Administration with tocotrienol-rich fraction (TRF) prevents working memory deficit in A!PP/PS1 mice as measured by the novel
object recognition task. A) Schematic representation of the novel object recognition test. Following pre-habituation and habituation in the
empty arena, mice were allowed to explore an identical pair of objects placed in the arena for 10 min as the training session. After a 1 h stay
in the home cage, the mice were returned to the arena where two objects, one familiar and one novel, were placed in the same locations as
in the training session. The time spent exploring the two objects was recorded. B) All groups spent approximately equal time exploring the
two identical objects during the training trial, indicating no inherent place preference. C) Tg-ctrl mice spent significantly less time exploring
the novel object compared to WT-ctrl mice as indicated by the lower mean recognition index, while TRF treatment of Tg mice (Tg-TRF
group) increased the recognition index to the WT-ctrl level. Data represent mean ± S.E.M. [Bonferroni post hoc test after analysis of variance
(WT-ctrl, n = 12; Tg-ctrl, n = 8; Tg-TRF; n = 9; Tg-PO, n = 9)]. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

110 and 81 accurate masses were detected by ESI (+)
and ESI (–) in mPFC, respectively, and 331 and 324,
respectively, in striatum. Pre-processed data were
subjected to multivariate analysis for sample classi-
fication. Given the complexity of raw metabolomics
data [22], multivariate data analysis based on pro-
jection methods was used for interpretation. Prior
to supervised multivariate analysis, the separation
trends in the datasets were evaluated by unsupervised
PCA. This discriminated the groups and yielded good
clustering of samples in score plots without signif-
icant outliers according to the Hotelling T2- range
plot. Initially, separation trends between Tg-ctrl, Tg-
TRF and QC samples were examined using PCA
score plots (Supplementary Figure 1). The R2X(cum)
and Q2

(cum) of the score plots were 0.919 and 0.720
respectively, indicating that the models were reliable.
Two groups of PCA model; WT-ctrl versus Tg-ctrl
(hippocampus; ESI (–), striatum; ESI (+) and ESI
(–)) and Tg-ctrl versus Tg-TRF (hippocampus; ESI
(+) and ESI (–)), mPFC; ESI (+), striatum; ESI (+))
(Fig. 5) were performed to further visualized the sepa-

ration trends. Both models required 4 PCs to achieved
R2X(cum) and Q2

(cum) above 0.4.
Subsequently, orthogonal partial least squares-

discriminant analysis (OPLS-DA) was carried out
to further enhance separation trends and isolate
the features responsible for differences among the
samples. OPLS-DA models representing WT-ctrl,
Tg-ctrl, and Tg-TRF of hippocampus, mPFC and
striatum datasets were performed as in Supplemen-
tary Figure 2. Table 1 shows the statistical parameters
of R2Y(cum) and Q2

(cum) to validate the OPLS-
DA models. Despite the insignificance analysis of
variance (ANOVA) of the cross validated residuals
(CV-ANOVA) at a level of p < 0.05, the first prin-
cipal component of OPLS-DA score plot revealed
R2Y(cum) and Q2

(cum) exceeding 0.4, indicating the
robustness of model. Supplementary Figure 3 shows
statistical validation of the OPLS-DA model by
permutation analysis using 500 different model per-
mutations. Model with p-CV-ANOVA value <0.05
indicates R2Y(cum) and Q2

(cum) on the far right and
remain higher than those of the 500 permuted mod-
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Fig. 5. Principal component analysis (PCA) score plots from hippocampus, mPFC, and striatum obtained by ESI (+) and ESI (–) modes.
A-C) PCA score plots from WT-ctrl and Tg-ctrl mice obtained by ESI (+). D-F) PCA score plots from WT-ctrl and Tg-ctrl mice obtained
by ESI (–). G-I) PCA score plots from Tg-ctrl and Tg-TRF mice obtained by ESI (+). J-L) PCA score plots from Tg-ctrl and Tg-TRF mice
obtained by ESI (–).

els to the left. After OPLS-DA modeling, features
with VIP values higher than 1.0 (VIP≥1) and sig-
nificant analysis by t-test (FDR<0.05) were selected
for identification. The potential features that matched
these criteria are listed in Table 2. Namely Table 2
comprised putative identifications, ionization type,
mass to charge ratio (m/z value), retention time (rt),
fold change (Tg-ctrl versus WT-ctrl and Tg-TRF ver-
sus Tg-ctrl) and identifier. MS/MS fragmentation of
the potential features can be found in Supplementary
Table 1. In this study, we focus the analysis in the

main three groups of mice which are WT-ctrl, Tg-
ctrl, and Tg-TRF. Analysis of Tg-PO mice is shown
in Supplementary Figure 4.

Features changes with TRF treatment

Of the total discriminated features, 39 and 38 were
selected as potential markers to differentiate between
Tg-ctrl and WT-ctrl mice and between Tg-ctrl and
Tg-TRF mice, respectively, regardless of the brain
regions. Among those features, 19 were detected as
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Table 1
Statistical parameters of PCA and OPLS-DA models for hippocampus, medial pre-frontal cortex (mPFC), and striatum

Region Hippocampus mPFC Striatum
Model WT-ctrl: Tg-ctrl: WT-ctrl: Tg-ctrl: WT-ctrl: Tg-ctrl:

Tg-ctrl Tg-TRF Tg-ctrl Tg-TRF Tg-ctrl Tg-TRF
PCA ESI (+)

A 2 4 2 4 4 4
R2X(cum) 0.724 0.989 0.706 0.976 0.970 0.962
Q2

(cum) 0.235 0.876 0.091 0.811 0.708 0.719
ESI (–)
A 4 4 3 3 4 3
R2X(cum) 0.985 0.972 0.873 0.952 0.945 0.733
Q2

(cum) 0.879 0.797 0.205 0.312 0.538 0.338
OPLS-DA ESI (+)

A 1+3 1+1 1+3 1+3 1+3 1+2
R2X(cum) 0.918 0.802 0.898 0.906 0.969 0.859
R2Y(cum) 1.000 1.000 1.000 1.000 1.000 1.000
Q2

(cum) 0.994 0.997 0.950 0.992 0.999 0.985
p (CV-ANOVA) 0.05 0.004 0.05 0.05 0.05 0.185

ESI (–)
A 1+3 1+1 1+3 1+3 1+3 1+3
R2X(cum) 0.978 0.787 0.934 0.951 0.932 0.937
R2Y(cum) 0.998 0.996 1.000 1.000 1.000 1.000
Q2

(cum) 0.969 0.942 0.931 0.962 0.999 0.984
p (CV-ANOVA) 0.05 0.086 0.05 0.05 0.05 0.05

A: component (first component for PCA and first component plus orthogonal component for OPLS-DA); R2X(cum): total amount of the
variation of the X variables explained by the model; R2Y(cum): total amount of the variation of the Y variables explained by the model;
Q2

(cum): total amount of the predictability of the model.

altered between both comparisons. Of these, 10 were
upregulated and nine were downregulated by the TRF
treatment. The majority of metabolomic alterations
were found in the hippocampus region, indicating that
this is the most affected region in A!PP/PS1 mice.
The largest changes were observed in nucleotides,
amino acids, and lipids. Nucleotides (adenine,
AMP, ADP ribose and adenylosuccinate), features
involve in bioenergetics (GDP-glucose, sedoheptu-
lose, DL-malic acid, isocitrate and cis-aconitate),
neurotransmission (L-aspartic acid, L-tyrosine, L-
glutamic acid and acetylcholine), membrane lipid
metabolism (phosphatidylinositol, phosphatidylser-
ine, phosphocholine, and sphingosine) and oxidative
stress defense (uric acid and prostaglandin) were
found to be altered in Tg-ctrl mice. The alter-
ations were then ameliorated by the TRF treatment
(Table 2). There were also 18 putatively identified
metabolite (11 upregulated and 7 downregulated)
that significantly changed in Tg-ctrl (versus WT-ctrl)
but not in Tg-TRF, while 19 putatively identified
metabolite (12 upregulated and 7 downregulated) sig-
nificantly changed in Tg-TRF mice (versus Tg-ctrl)
only (Table 2). Almost all altered pathways in Tg-ctrl
and Tg-TRF mice were present in the hippocampus,
while only two metabolic pathways in the striatal
region showed a significant impact-value more than
0.1 and none of the metabolic pathways in mPFC

region were above 0.1 (data not shown). The three
most altered pathways in Tg-ctrl were phenylalanine,
tyrosine and tryptophan biosynthesis, D-glutamine
and D-glutamate metabolism, and alanine, aspar-
tate and glutamate metabolism (Fig. 6A). TRF was
shown to modulate these pathways with the greatest
impact on D-glutamine and D-glutamate metabolism
(Fig. 6B).

DISCUSSION

Tocotrienol has garnered wide attention as a
potential therapeutic agent against neurodegenerative
disease due to its potent antioxidant and neuropro-
tective properties. In this present study, for the first
time, we evaluated the effect of TRF on behavior and
cognitive functions in (15 months old) A!PP/PS1
mice and investigated the associated metabolomic
changes in different subregions of the brain. We found
that certain behavioral and cognitive impairments
of A!PP/PS1 mice were alleviated by long-term
TRF treatment. We also conducted a pilot untar-
geted metabolomic study examining the metabolic
changes in three brain regions of untreated and TRF-
treated A!PP/PS1 mice. The hippocampus was the
most affected region in these mice according to
metabolomics, and TRF treatment was shown to
modulate several metabolic pathways linked to AD.
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Table 2
Putatively identified metabolites for discrimination between Tg-ctrl and WT-ctrl and between Tg-TRF and Tg-ctrl

Putative ID ESI Formula m/z rt Fold change Identifier
Tg-ctrl versus Tg-TRF versus

WT-ctrl Tg-ctrl

Hippocampus
N-Aspartic acid + C4 H7 N O4 134.0444 1.020 ↓ ↑ 462 (mzCloud)
N-Acetylaspartic acid – C6 H9 N O5 174.03961 0.964 ns ↑ 1376 (mzCloud)
L-Tyrosine – C9 H11 N O3 180.06551 1.440 ↓ ↑ 2255 (mzCloud)
L-Glutamic acid – C5 H9 N O4 146.0448 0.510 ↓ ↑ 470 (mzCloud)
DL-Glutamine + C5 H10 N2 O3 147.0759 0.497 ↓ ns 2967 (mzCloud)
L-Phenylalanine + C9 H11 N O2 166.08585 2.255 ↓ ns 8 (mzCloud)
L-Histidine – C6 H9 N3 O2 154.06114 0.466 ns ↑ 473 (mzCloud)
Pyroglutamate + C5 H7 N O3 130.0495 0.498 ↓ ns 1831 (mzCloud)
Creatinine + C4 H7 N3 O 114.06602 0.516 ns ↑ 375 (mzCloud)
AMP + C10 H14 N5 O7 P 348.0689 1.068 ↓ ↑ 252 (mzCloud)
IMP – C10 H13 N4 O8 P 347.03943 1.318 ns ↑ 452 (mzCloud)
UMP – C9 H13 N2 O9 P 323.02802 0.952 ns ↑ 1405 (mzCloud)
Adenosine + C10 H13 N5 O4 268.10309 1.952 ↑ ns 297 (mzCloud)
Adenine + C5 H5 N5 136.0614 0.781 ↓ ↑ 296 (mzCloud)
Inosine + C10 H12 N4 O5 269.08713 2.025 ↑ ns 1234 (mzCloud)
Guanine + C5 H5 N5 O 152.05634 1.244 ns ↓ 436 (mzCloud)
Uridine – C9 H12 N2 O6 243.06168 1.641 ns ↑ 1408 (mzCloud)
Desmosterol + C27 H44 O 385.34525 10.026 ↓ ns HMDB02719
Glycerophosphocholine + C8 H20 N O6 P 258.10947 0.566 ↑ ns HMDB00049
Glycerylphosphorylethanolamine + C5 H14 N O6 P 216.06259 0.517 ↑ ns HMDB00114
Ceramide (d18:0/18:1(11Z)) + C36 H71 NO3 566.54926 9.672 ns ↓ HMDB11762
Galabiosylceramide (d18:1/20:0) + C50 H95 N O13 918.68713 13.334 ns ↓ HMDB04835
PS(22:1(11Z)/0:0) + C28 H54 N O9 P 580.36005 6.799 ↑ ↓ LMGP03050023
LysoPE(16:0) + C21 H44 N O7 P 454.29132 6.938 ns ↓ LMGP02050036
LysoPE(22:4) + C27 H48 N O7 P 530.32361 7.131 ns ↓ HMDB11493
GDP-glucose – C16 H25 N5 O16 P2 604.06952 1.011 ↓ ↑ HMDB03351
Sedoheptulose 7-phosphate – C7H15O10P 289.03262 0.562 ↓ ↑ C05382 (KEGG)
DL-Malic acid – C4 H6 O5 133.01306 0.711 ↓ ↑ 1796 (mzCloud)
Choline + C5 H13 N O 104.10697 0.520 ↑ ns 886 (mzCloud)
Acetylcholine + C7 H15 N O2 146.11714 0.611 ↓ ↑ 885 (mzCloud)
Phosphocholine + C5 H14 N O4 P 184.07281 0.541 ↑ ns C00588 (KEGG)
S-Adenosylmethionine + C15 H22 N6 O5 S 399.14316 0.485 ns ↑ 896 (mzCloud)
Spermidine + C7 H19 N3 146.16478 0.365 ↑ ns 9 (mzCloud)
#-Aminobutyric acid + C4 H9 N O2 104.07059 0.475 ns ↑ 796 (mzCloud)
Uric acid – C5 H4 N4 O3 167.02002 1.163 ↓ ↑ 753 (mzCloud)
Carnosine – C9 H14 N4 O3 225.09854 0.444 ns ↑ C00386 (KEGG)
Nicotinamide + C6 H6 N2 O 123.05505 1.162 ns ↑ 517 (mzCloud)
mPFC
Ceramide (d18:0/14:0) + C32 H65 N O3 512.50287 7.105 ↑ ns 53968 (Metlin)
Phosphatidylinositol + C45 H87 O12 P 851.6037 8.417 ↑ ↓ Several
Phosphocholine + C11 H24 N O7 P 315.14301 4.673 ↑ ↓ Several
Striatum
#-Glutamylcysteine + C8 H14 N2 O5 S 251.06882 0.949 ↑ ns 427 (mzCloud)
#-L-Glutamyl-L-glutamic acid + C10 H16 N2 O7 277.1022 0.682 ↓ ns 1223 (mzCloud)
PS(18:1(9Z)/0:0) + C24 H46 N O9 P 524.29797 6.619 ↓ ns 40829 (Metlin)
LysoPC(18:1(11Z)) + C26 H52 N O7 P 522.35492 6.755 ↑ ns HMDB10385
LysoPE(20:1(11Z)/0:0) + C25 H50 N O7 P 508.3389 7.162 ns ↑ HMDB11513
LysoPE(0:0/20:4(5Z,8Z,11Z,14Z)) – C25 H44 N O7 P 500.27817 13.450 ns ↓ HMDB11487
Sphingosine + C18 H37 N O2 300.28873 6.084 ↑ ↓ HMDB00252
ADP ribose – C15 H23 N5 O14 P2 558.0636 0.847 ↑ ↓ 1708 (mzCloud)
!-D-Fructose 1,6-bisphosphate – C6 H14 O12 P2 338.98853 0.524 ↑ ns C05378 (KEGG)
Isocitrate + C6 H8 O7 193.03407 1.126 ↑ ↓ HMDB00193
cis-Aconitate – C6 H6 O6 173.0083 1.577 ↑ ↓ C00417 (KEGG)
Adenylosuccinate + C14 H18 N5 O11 P 464.08066 2.166 ↑ ↓ HMDB00536
Acetyl-L-carnitine + C9 H17 N O4 204.12244 0.799 ↓ ns 879 (mzCloud)
6!-Prostaglandin I1 – C20 H34 O5 353.2333 6.225 ↑ ↓ 4594 (mzCloud)
D-4’-Phosphopantothenate – C9 H18 N O8 P 298.06964 0.873 ns ↓ C03492 (KEGG)

↑, upregulated; ↓, downregulated; AMP, adenosine monophosphate; GDP, guanosine diphosphate; PS, phosphatidylserine; ADP, adenosine
diphosphate; PS, phosphatidylserine; LysoPC, lysophosphatidylcholine; UMP, uridine monophosphate; IMP, inosine-5’-monophosphate;
LysoPE, lysophosphatidylethanolamine.
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Fig. 6. Metabolomics pathway analysis. A) Pathway analysis in the hippocampus region from Tg-ctrl mice. B) Pathway analysis in the
hippocampus region from Tg-TRF mice. C) Altered metabolic pathways in the brain of Tg-ctrl and Tg-TRF mice. (a) Phenylalanine,
tyrosine and tryptophan biosynthesis; (b) D-Glutamine and D-glutamate metabolism; (c) Alanine, aspartate and glutamate metabolism; (d)
Phenylalanine metabolism; (e) Glycerophospholipid metabolism; (f) Glyoxylate and dicarboxylate metabolism; (g) Histidine metabolism;
(h) Purine metabolism; (i) Arginine and proline metabolism; (j) Tyrosine metabolism; (k) Glutathione metabolism; (l) Citrate cycle (TCA
cycle); (m) Pyrimidine metabolism; (n) Pentose phosphate pathway; (o) Cysteine and methionine metabolism; (p) Vitamin B6 metabolism;
(q) Nicotinate and nicotinamide metabolism. Each node represents an altered metabolic pathway in the hippocampus of both groups. The

color and size of each node is based on p-value and pathway impact-value, respectively. ( ) increased in Tg-ctrl mice; ( ) decreased in

Tg-ctrl mice; ( ) increased in Tg-TRF mice; ( ) decreased in Tg-TRF mice. Simplified biochemical pathways were schematized according
to the KEGG database. Solid arrows represent direct metabolic reactions, and dashed arrows represent multiple reactions and indirect
connections between two features.
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Behavioral examinations

Long-term administration of TRF for 10 months
improved the exploratory behavior of A!PP/PS1
mice as evidenced by longer total rearing time, while
comparable total distances travel and proportional
times in the open field center indicated no locomotor
impairments or elevated anxiety in A!PP/PS1 mice,
consistent with a previous comprehensive behavioral
study [37]. The present study also assessed spatial
learning and memory in the Morris water maze task
by training mice to find a hidden platform in a fixed
location (place navigation). Tg-ctrl mice exhibited
impaired place navigation learning and spatial mem-
ory as revealed by the slower acquisition of platform
location during training and less time spent in the tar-
get quadrant during the probe trial. This performance
impairment was not due to motor or sensory deficits
as there were no significant differences in swimming
speed and latency to reach the visible platform among
groups. We previously reported that A!PP/PS1 mice
at 15 months of age exhibit impairments in relatively
long-term spatial memory [38]. Treatment with TRF
improved spatial learning and memory, as evidenced
by shorter escape latency. However, TRF did not
improve 24-h memory retention as measured by a
probe trial. Our results are in partial agreement with
prior studies demonstrating positive effects of dietary
TRF supplementation on spatial learning [39–41].

Working memory is a system for temporarily stor-
ing, processing and manipulating the information
required to perform complex cognitive tasks [42].
Impaired working memory has been demonstrated
even at the earliest stage of AD [43] due to focal
neuronal damage that gradually spreads through-
out the brain. Thus, we examined the short-term
recognition memory of A!PP/PS1 using a spon-
taneous and non-forced test of novelty [44, 45].
Tg-ctrl mice showed a significant reduction in novel
object exploration time compared to age-matched
WT-ctrl mice, suggesting impaired working memory,
in accord with earlier reports of age-related mem-
ory impairment in A!PP/PS1 mice [46–48]. TRF
treatment for 10 months ameliorated this memory
deficit in A!PP/PS1 mice, while PO vehicle had
no effect.

Metabolomics analysis

Nineteen putatively identified metabolites
involved in several metabolic pathways related
to AD were altered by TRF, suggesting that TRF

exerts protective effects against AD-associated
metabolic disruption. Numerous studies have pro-
vided evidence for mitochondrial dysfunction in AD,
including abnormalities in the TCA cycle and energy
production [20, 49, 50]. Marked abnormalities in
brain energy metabolism were observed in Tg-ctrl
hippocampus (Table 2). The decrease in glucose
may reduce amino sugar and nucleotide sugar
metabolism, while alterations in some component of
TCA cycle could impair energy production, in accord
with previous studies [22, 51]. Also, altered TCA
enzyme activities have been reported in the AD brain
[50], including lower activities of isocitrate dehy-
drogenase and malate dehydrogenase, consistent
with our findings of changes in isocitrate and malic
acid. In addition, we found a significant reduction
in the levels of high-energy biomolecules in Tg-ctrl
mice relative to WT-ctrl mice. Reduced AMP may
contribute to cellular energy dyshomeostasis and
decreased AMP-kinase activity, a critical regulator
of cellular energy charge as well as glucose and lipid
homeostasis [52]. AMP-kinase activity decreases
in AD brain, indicating reduced mitochondrial
integrity, which can subsequently lead to enhanced
A! generation through dysregulation of A!PP
processing [53]. These brain metabolic changes
were rescued partially by TRF treatment. A recent
study suggested that dietary tocotrienol protects
neurons in the brains of aged mice by increasing
protein expression of the mitochondrial transcrip-
tion factor A and by maintaining mitochondrial
membrane potential and ATP synthesis [16]. An in
vitro study demonstrated that tocotrienol was able to
maintain oxidative phosphorylation and ATP levels
too [54]. Apart from modulating these features,
TRF increased the levels of UMP, IMP, GMP, and
ADP-ribose, all of which have been reported to
be lower in the AD brain [35] and in the serum of
cognitive decline mice [55]. Therefore, our findings
suggest that TRF alleviates the cognitive dysfunction
in AD at least in part by rescuing brain energy
metabolism.

Adenosine, a purine ribonucleoside, also serves
as a neuromodulator with neuroprotective effects
in the central nervous system [56]. It regulates
neurotransmitter release such as glutamate and
acetylcholine [57–59]. Prior studies detected altered
purine metabolism in the cerebrospinal fluid and
brain of AD patients [60–62]. Here, we found
that purine metabolism was disturbed in Tg-
ctrl, while TRF treatment modulated the changes
by increasing some of the features involved in
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this pathway. These effects may be related to
the antioxidant activity of TRF, specifically to a
reduction in superoxide generated by the non-
mitochondrial ROS-generating enzyme xanthine
oxidase [63].

Metabolomic analysis also indicated disruption of
neurotransmitter synthesis and dopaminergic trans-
mission pathways in Tg-ctrl mice as observed by
deficits in acetylcholine and amino acids involved in
neurotransmitter production as well as by increased
spermidine (polyamine). Cholinergic abnormalities
[64] and deficits in excitatory neurotransmitter [35,
65] are believed to underlie the progressive loss
of cognitive function in AD. Meanwhile, increased
polyamine synthesis could be one of the down-
stream effects of A! [66]. Overall, TRF improved
neurotransmitter metabolism in the A!PP/PS1 mice
as evidenced by increasing levels of acetylcholine,
L-tyrosine, L-glutamic acid, and L-aspartic acid
(Table 2). To our knowledge, few studies have
examined the effect of vitamin E (tocopherol and
tocotrienol) on neurotransmitter levels. Dietary vita-
min E supplementation has been shown to protect
the brain against oxidative stress, thus sustaining
cholinergic function after injection of scopolamine,
an inducer of dementia [67]. More recently, a study
of patients with mild to moderate AD found that
"-tocopherol was more effective in delaying cogni-
tive dysfunction than the glutamatergic system drug
memantine [68]. Taking all these facts into account,
several amino acids and nucleotides are perturbed in
AD, and TRF seems partly to reduce the abnormali-
ties, as schematized in Fig. 6C.

Normal brain function is particularly suscepti-
ble to the deleterious effects of oxidative stress
due to the high contents (and functional relevance)
of polyunsaturated fatty acids, the high metabolic
rate, and relatively low levels of antioxidants [69].
Decreased pyroglutamate and uric acid in Tg-ctrl
mice may reflect glutathione insufficiency [70] and
a failure in scavenging of peroxynitrite in neurons
[71]. Moreover, increased prostaglandin which is a
product of the arachidonic acid cascade, possibly
reflecting damaging pro-oxidant cascades [72, 73].
Thus, oxidative stress is strongly implicated in AD,
as has been reported previously [74–76], in con-
trast, treatment with the antioxidant TRF reduces the
stress. Several studies have also asserted that mark-
ers of oxidative stress in AD, including products of
lipid peroxidation, and decreased antioxidant enzyme
activities are correlated with low levels of vitamin
E [77], further underscoring the potential of TRF

as a promising treatment to improve oxidative stress
responses.

Neuronal membrane breakdown caused by over-
activation of phospholipase A2, with ensuing
membrane phospholipid degradation and release
of free fatty acids and lysophospholipids, is also
a significant pathogenic process in AD [78]. In
fact, phospholipase A2 is most active toward phos-
pholipids after peroxidation [79]. Perturbation of
membrane phospholipids destabilizes ion homeosta-
sis by changing membrane fluidity and permeability
and leads to synaptic loss [80]. The rises in phos-
phocholine and choline in Tg-ctrl mice in this study
may have resulted from the accelerated breakdown
of phosphatidylcholine, a major membrane phospho-
lipid. We also observed accumulation of sphingolipid
intermediates such as ceramide and sphingosine in
Tg-ctrl mice, indicating perturbed sphingomyelin
metabolism. Oxidative stress and A! are thought
to induce sphingomyelin degradation and to trigger
ceramide accumulation [81, 82]. This ceramide can
then promote A! deposition via an interaction with
!-secretase [83].

Few studies have examined a direct connec-
tion between tocotrienol and cell membrane lipid
metabolism in AD. Generally, the antioxidant actions
of tocotrienols are attributed to scavenging chain-
propagating peroxyl radicals, thereby disrupting the
lipid peroxidation cycle. The antioxidant function
of vitamin E is decentralized in the chromanol
ring, whereas the phenolic hydroxy group donates
a hydrogen atom to quench lipid radicals [84].
After administration of TRF in A!PP/PS1 mice,
we observed a reduction in lysophospholipid levels
which support the previous study that inhibition of the
formation of lysophospholipids by tocopherol pro-
tects cell membranes [79]. Tocopherol may inhibit
the oxidation of phospholipid substrates, thereby
reducing their availability for phospholipase A2. The
biological structure and hydrophobic character of
vitamin E also play significant roles in membrane
stability. In order to better understand the function
of vitamin E at the molecular level, a few stud-
ies have attempted to examine its interaction with
membrane components. The unsaturated structure
of tocotrienols imparts greater flexibility to the side
chain and it is proposed that this enhances curvature
stress on phospholipid membranes [79] and allows for
more efficient penetration and distribution into satu-
rated fatty layers of brain tissue [14]. Reduction in
sphingosine and ceramides in Tg-TRF mice indicates
that TRF may also help in maintaining sphingolipid
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metabolism, as has been shown by tocopherol and
combination of vitamin E in the published reports
[85–87].

Taken together, as illustrated in Supplementary
Figure 5 we proposed that TRF may improve
neuronal function and behavioral performance by
modulating-A! deposition and/or via modulation of
metabolic pathways (dependent or independent of A!
interaction). Although the mechanism is speculative
at this moment, we found that pre-emptive activity
of TRF is related to the modulation of metabolic
pathways involved in bioenergetics, neurotransmis-
sion, membrane lipid metabolism and oxidative stress
defense.

To our knowledge, this is the first study reporting
that TRF can partially ameliorate behavioral deficits
and alter brain metabolic abnormalities in A!PP/PS1
transgenic mice. Nevertheless, this study has several
limitations. This study used a small sample size for
the metabolomics analysis due to sample constraints.
Thus, we agree that additional studies are necessary
to validate these findings in a larger cohort. How-
ever, in order to compensate the small size number
issue, we have used appropriate statistical analy-
ses with an emphasis to avoid over-fitting the data
and have interpreted the results with caution. As
shown in the study, we have performed both paramet-
ric and non-parametric to address significance and
non-significance, addressed the R2X, Q2 values for
PCA and OPLS-DA, validation of OPLS-DA using
permutation and CV-ANOVA, and MS/MS analysis
for putative identification of potential metabolites.
Another limitation is that we treated the mice from
the age of 5 months which the amyloid deposits not
yet occurred. Further studies will be needed to clarify
whether TRF treatment in the later aged mice shows
therapeutic effects or not.

In summary, A! accumulation and disturbances
in metabolic pathways cause neuronal dysfunction
and lead to behavioral impairment. Long-term TRF
treatment was able to improve exploratory activ-
ity, memory and learning abilities of A!PP/PS1
AD mice, while metabolomics results suggest that
TRF treatment partly ameliorates the abnormalities
in the brain. Mechanism of this pre-emptive activ-
ity may occur via modulation of metabolic pathways
dependent on A! interaction or independent of A!
interaction. These results provide a foundation for
future studies on novel etiological pathways and treat-
ment strategies for AD. We hope that these findings
will stimulate further preclinical and clinical study of
TRF.
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