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Obesity induces severe disorders such as type 2 diabetes and
cardiovascular events, and the number of people with obesity is
increasing all over the world. Furthermore, it is possible that
obesity increases the risk of cognitive dysfunction via the
acceleration of oxidative damage. Tocotrienols, which are part of
the vitamin E family, have antioxidant and anti-obesity effects.
However, the effects of tocotrienols on high-fat diet-treated mice
have not been completely elucidated. In this study, we assessed
changes in body weight, spatial reference memory acquisition,
liver lipid droplet size, blood brain barrier-related protein
expressions and antioxidative defense systems in high-fat
diet-treated mice in the presence or absence of tocotrienols. The
results showed that tocotrienols significantly inhibited body
weight gain and lipid droplet synthesis. Although the amount
was very small, it was confirmed that tocotrienols surely reached
the brain in the perfused brain. Treatment with tocotrienols was
tended to improve cognitive function in the control mice.
However, tocotrienols did not modulate blood brain barrier-
related protein expressions or antioxidative defense systems.
These results indicate that treatment with tocotrienols could be
effective for the prevention of obesity and cognitive dysfunction.
Further extended research is needed to elucidate the relationship
between anti-obesity and antioxidant effects of tocotrienols,
especially in the brain.
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Obesity is a major medical problem all over the world and
causes many severe secondary diseases such as type 2

diabetes and cardiovascular disease.(1,2) Because these diseases
increase medical costs and the caregiver burden, public attention
is focused on obesity prevention. One possible mechanism of
obesity is oxidative damage by reactive oxygen species (ROS).(3)

The ROS production and the accumulation of oxidative damage
associated with obesity are deeply involved in the onset of many
diseases such as type 2 diabetes, cardiovascular disease, and non-
alcoholic steathepatitis.(4–6) Oxidative damage in the brain has
been shown to attenuate cognitive function in rodent models.(7,8)

Numerous studies have reported a relationship between obesity
and an increased risk of Alzheimer’s disease (AD).(9,10) However,
the relationship between oxidation and cognitive dysfunction in

obesity has not been elucidated in detail.
Several lines of evidence have been demonstrated that natural

compounds such as caffeine and ginger have strong anti-obesity
effects.(11,12) We are also interested in the anti-obesity effects of
natural compounds, and have therefore been focusing on
tocotrienols (T3s), which are part of the vitamin E (VE) family.
VE is classified into tocopherols (TOCs) and T3s based on the

presence or absence of double bonds on the phytyl side chain,
respectively. There are four isoforms (α-, β-, γ-, and δ-) in TOCs
and T3s according to differences in the number and position of
the methyl group on the chroman ring.(13) It is well known that
VE exhibits strong antioxidant function both in vivo and
in vitro,(14,15) and T3s have specific beneficial functions not found
in TOCs. For example, T3s have neuroprotective, anti-obesity
and anti-cancer effects.(16–18) However, a few contradictions were
found in an anti-obesity studies on T3s.(17,19) As for the reasons
for the contradictory results regarding the anti-obesity effects of
T3s, we think that the experimental conditions (e.g., type of diet,
compositional balance of T3s isoforms, treatment period, volume
of T3s) differed between each research group. We previously
reported that T3s significantly inhibited body weight gain in
high-fat diet (HFD)-treated mice.(20,21) Although we recognized
the anti-obesity effects of T3s, no change was seen in antioxida‐
tive enzyme activities or cognitive and motor functions using
several maze apparatuses. On the other hands, other our previous
study demonstrated that T3s prevented cognitive dysfunction by
attenuating oxidative stress in the rat brain.(14) T3s need to cross
the blood brain barrier (BBB) to exert a neuroprotective effect;
however, some reports have indicated that T3s cannot cross the
BBB,(14) which regulates the exchange of substances between
capillary blood vessels and neurons in the brain.(22) It is well
known that tight junction is a complex of BBB system, and is
composed of the specific proteins such as Occludin, Claudin 5,
and Junctional adhesion molecule (JAM) 1.(23–25) These tight
junction-related proteins are injured by oxidative damage and
during aging. As a result, neurons are more likely to be attacked
by oxidative stress and other factors. However, to our knowledge,
no evidence of obesity-induced oxidative damage in the brain or
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the neuroprotective effects of T3s has been presented.
Therefore, this study aimed to assess the beneficial effects of

T3s excluding body weight gain, to confirm whether T3s reach
the brain, and to assess the changes in cognitive function and
antioxidative defense systems in the brain. To achieve these aims,
we measured the cognitive and motor functions of mice using
three apparatuses (the Morris water maze, Rota-Rod, and Y-
maze) and assessed antioxidative defense systems in the brain.
Additionally, we checked T3s levels and BBB-related protein
expressions in the brain after perfusion.

Materials and Methods

Animals. All animal experiments were approved by the
Animal Protection and Ethics Committee of Shibaura Institute of
Technology, Tokyo, Japan (Approval No.: 19002). C57BL/6 Ncr
male mice were purchased from Japan SLC, Inc. (Hamamatsu,
Japan) and housed under controlled conditions (24 ± 2°C, 12 h
light/dark cycle). All mice had ad libitum access to food and
water. Mice (n = 40) were fed a Control diet (Ctrl; #D12450,
Research Diets Inc., New Brunswick, NJ) or a HFD (#D12492,
Research Diets Inc.) in the presence or absence of T3s
(Mitsubishi-Chemical Foods Corp., Tokyo, Japan) (50 mg/100 g
diet) for 8 weeks from 4 weeks of age (Ctrl with T3s: Ctrl + T3s,
HFD with T3s: HFD + T3s). The nutrient composition of each
diet is described in our previous paper.(21) Ten mice were assigned
to each group (n = 10 in each group). Body weight was measured
once a week in all mice. After the treatment period, cognitive and
motor functions were assessed, as described below. The mice
were then euthanized to collect liver and brain tissues for each
measurement. Four mice from each group were perfused with
phosphate-buffered saline (PBS) to remove blood from the
tissues. All other chemical reagents were obtained from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).

Measurement of cognitive function. The Morris water
maze test was used to measure spatial memory ability, as
described previously with some modifications.(21) The mice swam
in the apparatus (Muromachi Kikai Co., Ltd., Tokyo, Japan; 140
cm in diameter, 45 cm in height). Before the cognitive trials,
pretrials and handling were performed for 3 consecutive days.
The mice were handled twice a day for 3 min by an experimenter,
and swam freely for 3 min in the absence of a goal. The cognitive
trials were performed for 5 consecutive days. The goal time
(escape latency), swimming time ratio in the platform quadrant
and the average swimming speed were analyzed using ANY-
maze software (ver. 4.98; Stoelting Co., Wood Dale, IL). The
learning ratio was then calculated (the ratio of Day X was
calculated as the goal time on day X divided by the goal time
on day 1 was subtracted from 1 and multiplied by 100). All
abnormal values were rejected based on the goal time on the final
test day. If the average goal time on the final day was over 135 s,
the data for that mouse were rejected.
Coordinated movement was measured using Rota-Rod

(Muromachi Kikai Co., Ltd.), as described previously with
some modifications.(21) The time when the mice fell from the rod
and the rpm at the fall were measured. Three times per day
(every 20 min).
The short-term memory of each mouse was measured using

the Y-maze apparatus (arm length: 425 mm, width: 40 mm,
height: 100 mm, angle between each pair of arms: 120°;
Muromachi Kikai Co., Ltd.). All mice started from the same arm
and moved freely for 10 min. The arm entering times were
analyzed using ANY-maze software. The alternation score was
calculated by measuring the number of times the mouse entered
different arms in succession.

Histological analysis. Liver tissues, which were perfused,
were fixed by paraformaldehyde, dehydrated by sucrose solution,
and embedded in O.C.T. compound (Sakura Finetek UAS Inc.,

Torrance, CA). After slicing, the samples were plated on a slide
glass (Matsunami Glass Ind., Ltd., Osaka, Japan) and subjected
to hematoxylin & eosin (HE) and Oil Red O staining. ImageJ
software (National Institutes of Health, Bethesda, MD) was used
for analysis of Oil Red O.

Measurement of VE levels. All VE isoforms were
measured by the saponification extraction method, as described
previously, with some modifications.(21) 10% homogenates of
liver and each brain region were prepared using PBS. The sample
homogenates, 35% potassium hydroxide, and 6% pyrogallol
solution were mixed, and then all samples were saponified at
100°C for 45 min. 2,2,5,7,8-pentamethyl 6-chromanol (PMC)
(Sigma Aldrich Corp., St. Louis, MO) was used as an internal
standard. After 45 min, the saturated saline solution and the
mixture of hexane and ethyl acetate (9:1, by volume) were added
to all samples. After mixing, all samples were centrifugated at
3,000 rpm and 4°C for 10 min. After centrifugation, the upper
layers were collected and washed by water and the saturated
saline solution. The extracts were evaporated under nitrogen gas.
The residues were dissolved by methanol. This solution was used
for VE measurement. High performance liquid chromatography
(HPLC) with electrochemical detection (Shiseido Co., Ltd.,
Tokyo, Japan) was used for the VE analysis. The mobile phase
was composed of H2O2 and HPLC-grade methanol (3:97)
including 50 mM of NaClO4·H2O. The HPLC column [Develosil
C30-UG-3 (2.0 × 250 mm; Nomura Chemical Co., Ltd., Aichi,
Japan)] was used at 5°C.

Western blotting. Western blotting was performed as
described previously, with some modifications.(21) Briefly, twenty
μg of protein in the samples was separated on a 7%, 12% or
15% sodium lauryl sulfate-polyacrylamide gels. The proteins
were transferred to nitrocellulose membranes and then stained
using Ponceau S solution (Sigma Aldrich Corp.). After staining,
the membranes were incubated in blocking solution [2% skim
milk in Tris-HCl buffered saline (TBS) with Tween 20 (TBS-T)]
for 60 min. After blocking, the membranes were treated with
primary antibodies overnight at 4°C. Primary antibodies [anti-
Occludin antibody #ab168986; Abcam Plc., Cambridge, UK, at
1:500 dilution, anti-Claudin 5 antibody #ab15106; Abcam Plc. at
1:4,000, JAM1 polyclonal antibody #bs-3651R; Bioss Inc.,
Wobun, MA, at 1:650, anti-Superoxide dismutase (SOD)1 anti‐
body #ab13498; Abcam Plc. at 1:2,500, anti-Glutathione peroxi‐
dase (GPx)1 antibody #ab22604; Abcam Plc. at 1:4,000, anti-
Catalase (CAT) antibody #ab195306; Abcam Plc. at 1:2,000,
mammalian target of rapamycin (mTOR) antibody #2972; Cell
Signaling Technology (CST) Inc., Danvers, MA, at 1:1,000,
phospho-mTOR (Ser2448) antibody #2971; CST Inc. at 1:500,
protein kinase B (Akt) #9272; CST Inc. at 1:4,000, phospho-Akt
(Ser473) antibody #4060; CST Inc. at 1:1,000, or anti-α-tubulin
antibody #2125; CST Inc. at 1:4,000]. Anti-rabbit IgG HRP
antibody (Promega Corp., Madison, WI) was treated at 1:4,000
dilution. After washing the membranes, the chemiluminescent
signals were detected using a luminescent image analyzer
(LAS-3000; FUJIFILM Corporation, Tokyo, Japan). The relative
intensities of all images were measured using ImageJ (National
Institutes of Health).

Measurement of antioxidative enzyme activities. The
activity of SOD was measured using the SOD Assay kit-WST
(#S311; Dojindo Laboratory, Kumamoto, Japan) according to the
manufacturer’s protocol. The absorbances were measured using a
microplate reader (#51119300, Multiskan GO; Thermo Fisher
Scientific Inc., Hercules, CA).
The measurement of GPx activity was performed using a

commercial kit (Glutathione peroxidase cellular activity assay
kit; Sigma-Aldrich) according to the manufacturer’s protocol.
CAT activity was calculated by monitoring hydrogen peroxide

levels, as described previously with some modifications.(21) The
brain homogenate, K-phosphate buffer and hydrogen peroxide
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were mixed in 96-well plates. Finally, the absorbance at 240 nm
was measured using a microplate reader (Multiskan GO, Thermo
Fosher Scientific, Inc.).

Statistical analysis. Data are presented as the mean ± SE,
and were analyzed using JMP 13.0 software (SAS Institute Inc.,
Cary, NC). For all data, the Tukey Kramer test was performed.
Values of p<0.05 were considered to be statistically significant.
The reason that the sample numbers differ between each group in
the measurement of antioxidative enzyme activities, is that the
sample volume in the hippocampus is very small.

Results

T3s significantly inhibited body weight gain in HFD-
treated mice. Body weight was measured once a week for 8
consecutive weeks. The ratio of body weight gain in both HFD-
treated groups was significantly increased 1 week after treatment
compared to both control diet groups (Fig. 1). Additionally, co-
treatment with HFD and T3s significantly inhibited body weight
gain in the final 2 weeks compared to the HFD group. On the
other hand, no significant difference was found between the Ctrl
and Ctrl + T3s groups.

Cognitive function of each mouse by the Morris water
maze test. Obesity has been reported to increase the risk of
cognitive dysfunction such as AD.(9,10) In this study, HFD signifi‐
cantly induced body weight gain, and T3s significantly attenu‐
ated body weight gain. Spatial memory ability was measured
using the Morris water maze test (Fig. 2). The learning ratio of
the Ctrl + T3s group was significantly higher than that of the Ctrl
and HFD + T3s groups on the second trial day; however, no
significant difference in the learning ratio was seen on the other
test days.
To consider the difference of motor function, the average

swimming speed was measured. No significant difference was
observed in the presence or absence of T3s. Treatment with HFD
significantly decreased the average swimming speed on the first
test day regardless of the presence of T3s.

Cognitive function of each mouse by Y-maze test. The
short-term memory of each mouse was measured using the Y-
maze test (Fig. 3). No significant difference in short-term
memory was observed; however, treatment with T3s nominally
increased (but not significantly) the alternation scores in both diet
groups. Additionally, treatment with HFD nominally decreased
(but not significantly) the number of total arm entries regardless
of the presence of T3s.

Cognitive function of each mouse by the Rota-Rod test.
The coordinated movement function of each mouse was
measured using the Rota-Rod test as an index of cognitive func‐
tion (Fig. 4). Treatment with HFD significantly decreased the
time to fall and rpm at the fall regardless of the presence of T3s.

No significant difference was found between the T3s-treated and
untreated groups.

T3s inhibited accumulation of lipid droplets in liver
tissue. T3s significantly inhibited body weight gain in the
HFD-treated mice. The existence of lipid droplets in liver were
checked by Oil Red O staining (Fig. 5). Treatment with HFD
increased the number and size of lipid droplets compared to the
Ctrl group. On the other hand, treatment with T3s showed small
droplets compared to the untreated groups in HFD-treated mouse
liver. Additionally, co-treatment with T3s in the control diet
decreased the number of lipid droplets compared to the untreated
group.

Oral intake of T3s significantly increased T3s levels in each
tissue. Although we have measured T3s levels many times
using HPLC, these samples were not perfused, and may have
included a small amount of blood in the tissues.(20,21) To examine
the existence of T3s on the neurons, the tissues were collected
after removing blood by perfusion, and T3s levels were
measured. The results confirmed the existence of T3s (Fig. 6).
The results also showed that α-T3 levels in the liver, cortex,

and hippocampus of mice in the HFD + T3s group were signifi‐
cantly increased compared to those in the HFD group. Addition‐
ally, α-T3 levels in the liver and hippocampus in the HFD + T3s
group were significantly higher than those in the Ctrl + T3s
group. Treatment with T3s significantly increased α-T3 levels in
the cortex and hippocampus compared to the untreated Ctrl
groups. On the other hand, γ-T3 levels were increased only in the
liver of mice in the HFD + T3s group.

BBB-related protein expressions showed no change in
HFD-treated mice brain. In the former experiment, T3s were
detected in the brain by HPLC analysis. However, some reports
have indicated that T3s cannot cross the BBB.(14) To clarify the
relationship between brain T3s levels and BBB conditions, the
expressions of tight junction-related proteins (Occludin,
Claudin5, and JAM1) were measured by WB (Fig. 7). There
were no significant differences of all proteins. However, treat‐
ment with T3s tended to increase expressions compared to the
untreated groups.

Changes in antioxidative enzyme activities in each mouse
brain. Significant differences were observed in the learning
rate of T3s-treated mice in the Morris water maze test. It is well
known that brain redox balance is very important for the mainte‐
nance of cognitive function,(7,8,14) so some antioxidative enzyme
activities were measured in the cerebral cortex and hippocampus
of each mouse (Fig. 8). There was no significant difference in all
parameters.

Changes in antioxidative enzyme expressions in each
mouse brain. The expressions of antioxidative enzyme proteins
were measured by WB (Fig. 9). No significant differences were
observed for any enzymes. However, treatment with T3s nomi‐
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nally (but not significantly) increased protein expressions.
No change in the phosphorylation ratio of Akt and mTOR. It

has been reported that the phosphorylation ratio of Akt and
mTOR are modified by calorie restriction models.(26,27) Addition‐
ally, these phosphorylation levels are involved in redox balance
regulation. We checked whether treatment with HFD and/or T3s
changed phosphorylation levels (Fig. 10). There were no signifi‐
cant differences in both phosphorylation levels. However, treat‐
ment with HFD and T3s tended to increase the phosphorylation
ratio of both proteins.

Discussion

Recently, as the number of people with obesity has been
increasing around the world, the anti-obesity effects of T3s have
attracted increasing attention. However, the detailed mechanisms
underlying the effects of T3s have yet to be elucidated. In this
study, we investigated body weight gain in the presence or
absence of T3s. Treatment with T3s significantly inhibited body
weight gain in the HFD-treated group compared to the untreated.
This inhibitory effect of T3s was confirmed in the final 2 weeks
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of the treatment period. Previously, we have already reported that
long-term (5 months) treatment with T3s inhibited body weight
gain in only the first half of the treatment period.(21) These results
indicated that T3s do not stop, but rather delay body weight gain.
To clarify the beneficial effects of T3s excluding the attenuation
of body weight gain in mice, we checked for the presence of lipid

droplets in mouse liver. The size and number of lipid droplets
were reduced in both T3s-treated groups. Lipid droplets contain
triglyceride and cholesterol, and these parameters are increased
in obesity.(28,29) It has been reported that γ-T3 reduced the amount
of triglyceride in Hepa 1-6 cells derived from a BW7756 tumor
in a C57L mouse by modulating lipid synthesis related-mRNA
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expression.(30) Jin et al.(3) reported that ROS induce lipid droplet
accumulation in HepG2 cells. Treatment with hydrogen peroxide
increased lipid droplets in HepG2 cells. On the other hand, it is
well known that T3s have strong antioxidant effect in vitro and
in vivo.(14–16) From the above evidence, T3s may attenuate lipid
droplet production by modulating lipid synthesis mRNA expres‐
sion and/or an antioxidant effect. We are currently working on
elucidating the mechanisms of these effects using in vivo and
in vitro models.
Oxidative stress is significantly increased in obesity, and as a

result, which may increase the risk of cognitive dysfunction.(4,7,8)

Treatment with T3s dramatically changed body weight in HFD
mice in our experimental models, which indicated that T3s may

also reduce the risk of oxidative damage in the brain via its
antioxidant function and anti-obesity effect. However, cognitive
function in the HFD group was not deteriorated compared to
controls in the Morris water maze and Y-maze tests. One possible
reason which is explaining these results may be the difference in
diet composition. Because the Ctrl was fed the control diet
against HFD, the nutrient composition of the Ctrl diet in our
experimental model differed from that of a normal pellet diet
(Lab MR stock; Nosan Corp., Kanagawa, Japan). The Ctrl diet
may have led to over-nutrition compared to a normal pellet diet.
Due to this difference, the changes in cognitive function between
the Ctrl and HFD mice could not be confirmed (i.e., cognitive
dysfunction may have occurred in the Ctrl mice compared to
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mice fed a normal pellet diet.). Additionally, co-treatment with
Ctrl and T3s significantly improved the learning ratio in the
Morris water maze test. However, no significant differences in
body weight gain between Ctrl and Ctrl + T3s were observed.
From this evidence, the cognitive function improved effect of
T3s might be not through anti-obesity effect. In this study,
no changes were seen in antioxidative defense systems in the
T3s-treated mice brains. It is well known that neurotrophic
factors such as nerve growth factor (NGF) and brain derived
neurotrophic factor (BDNF) are strongly related to cognitive
function.(31,32) It is possible that T3s may influence neurotrophic

factor expressions. Further research is needed to clarify the
mechanism underlying the improvement effect on cognitive
function by T3s. Cognitive function as assessed by Rota-Rod
significantly decreased in the HFD-treated mice compared to
the controls in the presence or absence of T3s. A significant
negative correlation was observed between body weight and
the time to fall or rpm at the fall. These results indicated that
Rota-Rod is not suitable for judging the cognitive function of
obese mice.
We previously reported that T3s can reach the brain through

oral intake.(21) However, our samples included some blood, and

0

3

6

9

12

Cortex Hippo.

(U
/m

g 
pr

ot
ei

n) Ctrl

Ctrl+T3s

HFD

HFD+T3s

0

1

2

3

4

Cortex Hippo.

(m
U
/m

g 
pr

ot
ei

n)

0

25

50

75

100

125

Cortex Hippo.

(m
U
/m

g 
pr

ot
ei

n)

A B CSOD CAT GPx

Fig. 8. The activities of antioxidative enzymes [superoxide dismutase (SOD) (A), catalase (CAT) (B), and glutathione peroxidase (GPx) (C)]. All
values were measured in the cortex (Cortex) and hippocampus (Hippo.). The brain regions without perfusion were used for analysis. All enzymes in
the Cortex: Ctrl: n = 6, Ctrl + T3s: n = 6, HFD: n = 6, HFD + T3s: n = 6, SOD in Hippo.: Ctrl: n = 4, Ctrl + T3s: n = 5, HFD: n = 5, HFD + T3s: n = 3, CAT and
GPx in Hippo.: Ctrl: n = 5, Ctrl + T3s: n = 6, HFD: n = 6, HFD + T3s: n = 6. The date was shown as mean ± SE. Comparisons were performed using
Tukey Kramer method.

Ctrl

0

0.5

1.0

1.5

2.0

2.5

(/
Po

nc
ea

u 
S
)

SOD1

0

1

2

3

4

5

(/
Po

nc
ea

u 
S
)

GPx1

0

1

2

3

(/
Po

nc
ea

u 
S
)

CAT

Ctrl

Ctrl+T3s

HFD

HFD+T3s

Cortex Hippo. Cortex Hippo.

Cortex Hippo.

SOD1

CAT

GPx1

α-Tubulin

T3s – +
HFD

– + + +– –

A B

C D

Fig. 9. Antioxidative enzyme protein expressions in the brain [superoxide dismutase (SOD)1 (A), catalase (CAT) (B), and glutathione peroxidase
(GPx)1 (C) and Western blotting in the cortex (D)]. The brain regions [cortex (Cortex) and hippocampus (Hippo.)] without perfusion were used for
analysis. The relative intensities of Ctrl in each brain region were set to 1. (D) Western blotting in the Cortex. Control (Ctrl): n = 6, Ctrl + T3s: n = 6,
high-fat diet (HFD): n = 6, HFD + T3s: n = 6. The date was shown as mean ± SE. Comparisons were performed using the Tukey Kramer method.

262 doi: 10.3164/jcbn.21-10
©2021 JCBN



thus, we could not judge whether T3s were from neurons or
blood. To solve this problem, before measuring brain T3s levels,
blood was completely removed from the tissues by perfusion.
T3s could be detected in the perfused brain samples, and treat‐
ment with T3s significantly increased brain α-T3 levels. These
results indicated that T3s can certainly reach the brain through
oral intake. However, there are some reports that T3s cannot
through the BBB.(14) We assessed BBB-related protein expres‐
sions using WB. We expected that T3s may reach the brain via
collapsing of the BBB function. Kaneai et al.(14) reported that
treatment with T3s significantly increased brain T3s levels in
normal-aged rats compared to the young controls due to
decreasing BBB-related protein expressions by aging. According
to our results, no significant difference was seen in BBB-related
protein expressions in the brains of obese mice, which suggested
that T3s may reach the brain without BBB dysfunction. VE is
absorbed from the intestines and transported to the liver with
chylomicron and chylomicron remnants. Next, VE is released
from the liver with very-low-density lipoprotein to the blood and
transported to tissues with low-density lipoprotein (LDL) and
high-density lipoprotein (HDL).(33) Both lipoproteins can enter
the brain via each receptor. Scavenger receptor class B type 1
(SRB1) is well known as a HDL receptor, and SRB1 overexpres‐
sion using adenovirus in porcine brain capillary endothelial cells
(pBCECs) increases HDL-associated α-TOC uptake.(34) Addition‐
ally, srb1−/− mice exhibit low α-TOC levels in the brain. On the
other hand, α-TOC levels in the brain did not change in a model
of LDL receptor knockout mice.(35) Therefore, we think that T3s
which is in HDL may be able to reach the brain; however, the
detailed mechanisms remain unclear. Further study is needed to
clarify the relationship between BBB function and brain T3s
levels. In addition, α-T3 levels in T3s-treated mice tissue were
dramatically higher than γ-T3 levels. However, the γ-T3 compo‐
sition ratio was the highest in T3s-treated diet. As we discussed
in a previous study, the reason for this phenomenon may be the

difference in binding affinity between α- or γ-T3 and α-TOC
transfer protein (α-TPP).(21) Co-treatment with HFD and T3s
significantly increased α-T3 level in hippocampus compared to
co-treatment with Ctrl and T3s. As the reason of this
phenomenon, we think that there is a difference of serum HDL
concentration between Ctrl + T3s and HFD + T3s mice.
Although the body weight gain of the HFD + T3s mice was
significantly lower than that of the HFD mice, the body weight
of the HFD + T3s mice was significantly higher than that of the
Ctrl + T3s mice. It is possible that serum HDL concentration of
the HFD + T3s mice is higher than that of the Ctrl + T3s mice.
From above, hippocampal α-T3 level in the HFD + T3s mice
might be higher than that of the Ctrl + T3s mice.

A significant difference was found in the Morris water maze
test in our experimental models, so we checked antioxidative
enzyme activities and protein expressions in the brain. It is well
known that brain oxidation by ROS induces cognitive dysfunc‐
tion, and that ROS is scavenged by antioxidative enzymes.(7,8) No
significant differences were seen in activities or expressions.
However, treatment with T3s nominally (but not significantly)
increased each activity and expression compared to the untreated
groups. Additionally, Akt and/or mTOR phosphorylation was
involved in lifespan extension, which confirmed under calorie
restriction condition via oxidative damage attenuation.(26,27) These
proteins regulate oxidative stress via NF-E2-related factor (Nrf2)
phosphorylation.(36,37) The phosphorylation levels of Akt and
mTOR were not significant difference in this study. Previously,
we reported the possibility that treatment with T3s significantly
increases these parameters in the brain.(21) One reason we could
not confirm the significant difference may have been the length
of the treatment period. In our previous report, we set the treat‐
ment period to 5 months. On the other hand, in this study, the T3s
treatment period was only 2 months. Thus, long-term treatment
may be needed to modify the antioxidative defense systems in
the brain by T3s.
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In this study, we assessed the influences of treatment with T3s
in HFD-treated mice. Treatment with T3s inhibited body weight
gain and lipid droplets synthesis in the liver. Furthermore, T3s
reached the brain without BBB dysfunction, and altered cognitive
function. These findings suggest that T3s may be able to be
applied as a therapeutic medicine for obesity and dementia.
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