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Summary

Beneficial effects of sesame lignans, especially antioxidative
effects, have been widely reported; however, its potential effects
on autonomic nerves have not yet been investigated. Therefore,
the current study aimed to investigate the effect of sesame
lignans on the autonomic nervous system. The sympathetic nerve
activity in rat skeletal using
electrophysiological approaches, with blood flow determined
using the laser Doppler
administered intragastrically at 2 and 20 mg/kg, and after
60 min, the sympathetic nerve activity was observed to increase
by 45.2 % and 66.1 %, respectively. A significant increase in
blood flow (39.6 %) was also observed for the 20-mg/kg dose
when measured at 55 min after administration. These
sympathomimetic completely prevented by
subdiaphragmatic vagotomy, and the increase in blood flow was
eliminated in the presence of the B2-adrenergic receptor inhibitor
butoxamine. Thus, it is proposed that sesame lignans can
increase the blood flow of skeletal muscle, possibly by exciting
sympathetic nerve activity through the afferent vagal nerve.
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Introduction

Sesame (Sesamum indicum L.) seeds have been
consumed to maintain health since ancient times.

Sesamin is the major lignan in sesame seeds and oils. In
the process of refining sesame oil, roughly half of the
sesamin has been found to isomerize to its stereoisomer
1986).
(sesamin and episesamin) exert various health effects via

episesamin (Fukuda et al Sesame lignans
their functional properties, such as anti-oxidative (Nakai
et al. 2003, lkeda et al. 2003, Kiso 2004), anti-
hypertensive (Matsumura et al. 1995, Kita et al. 1995,
Miyawaki et al. 2009), and anti-hyperglycemic properties
(Hong et al. 2013, Ide et al. 2012). A recent study has
shown that the antioxidant effect of sesame lignans likely
suppresses a decline in exercise performance by
maintaining mitochondrial function (Takada et al. 2015).
shown that the

supplementation of sesame lignans with vitamin E can

Furthermore, we have previously
improve the subjective status of fatigue and the
antioxidative capacity in healthy humans with feelings of
daily fatigue (Takemoto ef al. 2015).

The autonomic nervous system consists of
nerves that automatically respond to internal and external
stimuli and transmit signals to maintain the homeostasis
of vital functions, such as blood pressure, respiration,
body temperature and heart rate. Additionally, the
autonomic nervous system co-ordinates organ function
throughout the body by balancing the activity of
sympathetic and parasympathetic nerves. Aging, stress
and fatigue cause a reduction and an imbalance in the
activity of sympathetic and parasympathetic nerves
(Stewart 2000, Amano et al. 2005, Amano et al. 2006,
Yukishita et al. 2010, Mizuno et al. 2011). Each organ
can also individually regulate its response to autonomic
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nervous system inputs. Generally, al- adrenergic receptor

is expressed in each organ, and stimulation of
sympathetic nerves causes blood vessels to contract,
resulting in decrease of blood flow. On the other hand,
sympathetic nerve stimulation of the skeletal muscle
causes vasodilation of the arterioles and increases blood
flow to the skeletal muscles via 2-adrenergic receptor
(Ganong 2005, Marieb and Hoehn 2008). Actually, we
have previously reported that an intraduodenal
administration of small amount (1 pg) of L-carnosine
stimulated the sympathetic nerve innervating the skeletal
muscle, increased the skeletal muscle blood flow and
intravenous administration of propranolol, an inhibitor of
B2-adrenergic receptor, eliminated this blood flow
increase in rats (Horii et al. 2015). Furthermore, olfactory
stimulation with the scent of lavender oil stimulated the
sympathetic nerve innervating the skeletal muscle,
elevated the skeletal muscle blood flow and this blood
flow  increase  disappeared  after  intravenous
administration of butoxamine, a B2-adrenergic receptor
inhibitor, in rats (Nagai et al. 2018).

Recently, it has been suggested that the intake of
several food ingredients can affect organs and tissues by
stimulating autonomic nerve activity, resulting in various
physiological intraduodenal

changes. For example,

administration of culture supernatants from the
Lactobacillus pentosus strain S-PT84 has been reported
to excite the sympathetic nerve innervating the brown
adipose tissue and increase thermogenesis (Beppu et al.
2012). Flavan-3-ol is known to have various effects, and
the enhancing energy expenditure can be eliminated by
inhibiting autonomic nerves (Osakabe and Terao 2018,
Kamio et al. 2016). These examples indicate that the
mechanism of modulating the autonomic nervous system
is important for a number of food ingredients. Although
known effects of sesame lignans include lowering high
blood pressure, lowering blood glucose, and alleviating
fatigue, the specific actions of sesame lignans on the
autonomic nervous system are unknown.

The aim of this study was to directly investigate
affect skeletal

sympathetic nerve activity (SNA) and blood flow in rats

whether sesame lignans muscle

following intragastric administration.
Materials and Methods

Materials used

Sesame lignans [sesamin and episesamin (SE),
1:1 ratio] were purchased from Takemoto Oil & Fat Co.,
Ltd. (Aichi, Japan). Olive oil was purchased from

Nakarai (Kyoto, butoxamine
(butoxamine hydrochloride) was purchased from Sigma-
Aldrich (MO, USA), and urethane was purchased from

Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).

Tesque, Inc. Japan),

Animals

Male Wistar rats (Kiwa Laboratory Animals,
Co., Ltd., Wakayama, Japan; weight, approximately
300 g; age, 9 weeks) were used in all studies. The rats
were acclimated to the environment for at least 1 week
before the experiments. The animals were housed
individually in a room maintained at 24+1 °C and lighted
daily for 12 h (08:00-20:00 h). Food (MF; Oriental Yeast
Co., Ltd., Tokyo, Japan) and water were available ad
libitum.

All protocols for animal procedures were
approved by the Institutional Animal Care and Use
Committee of ANBAS Corporation and the Ethics
Committee of Animal Experiment of Suntory in
accordance with the Internal Regulations on Animal
at ANBAS Corporation and Suntory

Holdings Limited, which are based on the Law for the

Experiments

Humane Treatment and Management of Animals (Law
No. 105, 1 October 1973, as amended on 30 May 2014).

General animal preparation

On the day of the experiments, the rats were
made to fast for 3 h before the stomach and the cervical
vein were cannulated under urethane anesthesia (1 g/kg
body weight). A tracheal cannula was inserted to ensure
respiration. In all experiments, rats were placed in
a stereotaxic apparatus, and the body temperature was
maintained at 37+0.5 °C using a heating pad.

Measurement of skeletal muscle SNA

Skeletal muscle SNA was measured as described
previously (Horii et al. 2015). In brief, after cannulation,
a longitudinal incision was made in the middle of the left
femoral region. The sympathetic nerve, which innervates
the vastus medialis of the quadriceps femoris muscle, was
exposed and hooked up to a pair of silver wire electrodes
with an ER-1 Differential Extracellular Amplifier
(Cygnus Technology Inc., PA, USA). After stabilization
of the rat for 1.5 h, either vehicle (0.5-ml olive oil,
control group) or SE (2 or 20 mg/kg in 0.5-ml olive oil)
was administered through the stomach cannula. Muscle
SNA was then recorded for 60 min (TEC-1 Event
Counter; Dagon Corporation, MN, USA), with electrical
changes amplified and monitored using an oscilloscope
(SS-7802A; Iwatsu Test Instruments Corporation, Tokyo,
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Japan). The raw SNA data was converted to standard
spikes using a window discriminator (WD2; Dagan
Corporation, MN, USA) to separate the discharges from
the electrical background noise. The data conversion
from analog to digital format and their recordings were
performed as described previously (Tanida et al. 2005).
SNA was analyzed by sampling spike frequency every
Ssec, then averaging across 5 min intervals. The
averaged signal 5 min before SE administration was used
as baseline. All data are presented as changes relative to
their respective baseline, which was defined as 100 %.
Measurements were performed with 3 rats in each group.
To elucidate the
activity, the

involvement of afferent

autonomic  nerve subdiaphragmatic
vagotomy model was also employed. The animals were
vagotomized after cannulation, and the muscle SNA was

recorded as described above.

Measurement of skeletal muscle blood flow

Muscle blood flow was measured using the laser
Doppler method as described previously (Kobayashi et al.
2000, Horii et al. 2015). In brief, under urethane
anesthesia, the vastus medialis of the quadriceps femoris
muscle was exposed. The probe (tip diameter, 1 cm) of
alaser flowmeter (ALF21; Advance Co., Tokyo, Japan)
was fixed on the muscle surface with surgical tape. After
stabilization of blood flow for 1.5 h, either vehicle (0.5-ml
olive oil, control group) or SE (20 mg/kg in 0.5-ml olive
oil) was administered to the rat via the stomach cannula.
Blood flow was then recorded for 60 min.

To elucidate the
autonomic nerve activity, the p2-adrenergic receptor

involvement of efferent
inhibitor, butoxamine, was administered. After blood
flow stabilization for 1.5 h, either saline (0.1 ml, control
group) or butoxamine (0.3 mg in 0.1-ml saline) was
injected via the cervical vein cannula. After 30 min,
either vehicle (0.5-ml olive oil, control group) or SE
(20 mg/kg in 0.5-ml olive oil) was intragastrically
administered, and the blood flow measured for 60 min.
Data were sampled with a Power-Lab analog-to-
digital converter (ADInstruments, Sydney, Australia).
The skeletal muscle blood flow was averaged over 5 min
intervals. Similar to the SNA data, the averaged signal
5 min before SE administration was used as baseline and
all data are presented as changes relative to their baseline.
Measurements were performed with 5 rats in each group.

Statistical analysis
All data are expressed as the meantstandard
error of the mean (SEM). Statistical significance was

determined using repeated measures analysis of variance
(ANOVA). In the case of a 4-group comparison,
following ANOVA, the Tukey’s post hoc test was
performed for the value at 60 min after administration.
The Mann—Whitney U test was used to examine the
statistical significance between the absolute baseline
values of each group for each parameter. P<0.05 was
defined as statistically significant. Statistical analyses
were performed using IBM SPSS statistics 25 software
(IBM, NY, USA).

Results

SE increases skeletal muscle SNA

The changes in the skeletal muscle SNA are
shown in Fig. 1. The absolute baseline values were
255+12 spikes/5 s in the control group, 301+58 spikes/5 s
in the 2-mg/kg SE group (Fig. 1A), 272+17 spikes/5 s in
the second control group and 252+26 spikes/5 s in the
20-mg/kg SE group (Fig. 1B). There were no significant
differences in the absolute values at baseline between the
SNA
measured at 60 min was increased by 45.2 % and 66.1 %

SE groups and their corresponding controls.

relative to baseline for the 2-mg/kg and 20-mg/kg
SE groups, respectively (Fig. 1D, E). In subsequent
experiments, we used 20-mg/kg SE because it was most
effective at increasing SNA.
Subdiaphragmatic  vagotomy abolished SE-induced
increase in muscle SNA

The subdiaphragmatic vagotomy was utilized to
examine whether the sympathomimetic activity of SE
depended on afferent autonomic nerve activity. A sham
operation did not affect SNA (data not shown). In the
vagotomy group, neither vehicle nor SE significantly
changed skeletal muscle SNA (Fig. 1F), indicating this
procedure completely abolished the increase in SNA
typically observed after SE administration. The absolute
262+
16 spikes/5 s in the control group and 281+22 spikes/S s
in the SE group; Fig. 1C).

values at baseline showed no differences

SE increases blood flow in skeletal muscles

The averaged data for skeletal muscle blood
flow are presented in Fig. 2. The absolute values at
baseline were 33.3+4.7 ml/min/100 g tissue in the control
group and 39.6+8.5 ml/min/100 g tissue in the SE group,
with no significant difference between the two groups.
SE significantly increased skeletal muscle blood flow up
to 39.6 % after 55 min.
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Fig. 1. Effect of sesame lignans (SE) on the sympathetic nerve activity (SNA) in skeletal muscles of urethane-anesthetized rats. Rats
were intragastrically administrated SE (2 or 20 mg/kg) after sympathetic nerves innervating skeletal muscle were stabilized. The muscle
SNA activity was recorded for 60 min after administration. (A-C) Representative images of changes in neural activity. Arrows indicate
the time of administration (vehicle or SE). Vertical scale bars indicate neural discharge rates of 200 spikes/5 s. (D) Changes in muscle
SNA after administration of vehicle or SE (2 mg/kg). (E) Changes in muscle SNA after administration of vehicle or SE (20 mg/kg).
(F) Changes in muscle SNA in rats subjected to subdiaphragmatic vagotomy after administration of vehicle or SE (20 mg/kg). Values
are presented as the mean + SEM (n=3). Comparison between two groups was performed by repeated measures analysis of variance

(ANOVA). NS, not significant.
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Fig. 2. Effect of SE on the muscle blood flow in urethane-
anesthetized rats. Rats were intragastrically administrated vehicle
or SE (20 mg/kg) after the muscle blood flow was stabilized.
Muscle blood flow (ml/min/100 g of tissue) was measured for
60 min. Values are presented as the mean + SEM (n=5).
Comparison between two groups was performed by repeated
measures ANOVA.
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Fig. 3. Effect of B2-adrenergic receptor inhibition on SE-induced
increase in muscle blood flow. Urethane-anesthetized rats
intravenously received butoxamine hydrochloride (0.3 mg/0.1 ml
in saline) or physiological saline 30 min before gastric
administration of vehicle or SE (20 mg/kg). Muscle blood flow
(ml/min/100 g of tissue) was measured for 60 min. Values are
presented as the mean + SEM (n=5). Comparison between
groups was performed by repeated measures ANOVA. Then the
values at 60 min after administration were statistically analyzed
by the Tukey’s post hoc test. * p<0.05.

p2-adrenergic receptor inhibitor abolished SE-induced
increase in muscle blood flow

Pre-treatment with butoxamine was used to
evaluate the involvement of efferent autonomic nerve
activity in the SE-induced increase in skeletal muscle
blood flow. No change in blood flow was observed
following the administration of saline or butoxamine
alone. Similar to the previous experiment (Fig. 2), blood
flow in the saline + SE group gradually increased over
time and reached a value of 17.6 % at 60 min after SE
administration. However, pre-treatment with butoxamine
completely prevented the SE-induced increase in blood
flow (Fig. 3). The baseline values of each group
were 90.3£5.2 ml/min/100 g tissue (saline + vehicle),
91.746.8 ml/min/100 g tissue (butoxamine + vehicle),
83.1£5.1 ml/min/100 g tissue (saline + SE), and
90.749.3 ml/min/100 g tissue (butoxamine + SE), with no
significant differences among these groups. The
difference in blood flow at 60 min after administration
was statistically significant in the saline + SE group

compared all the other groups.
Discussion

The autonomic nervous system is known to be
involved in the control of blood flow (Ganong 2005,
Marieb and Hoehn 2008). This study revealed that the
intragastric administration of sesame lignans significantly
increases SNA in skeletal muscles and that this effect
could be completely abolished by subdiaphragmatic
vagotomy. Moreover, sesame lignans significantly
elevated skeletal muscle blood flow, an effect that was
with the
These

results suggest that the intragastric administration of

completely abolished by pre-treatment

B2-adrenergic receptor inhibitor, butoxamine.

sesame lignans increased skeletal muscle SNA via the
afferent vagal nerve signals, likely originating at the
stomach or intestine, and caused dilation of arterial blood
vessels, resulting in increased muscular blood flow. This
is the first study providing direct evidence that sesame
lignans affect the autonomic nervous system.

In the present study, skeletal muscle SNA started
to increase within 5 min of the administration of sesame
lignans, suggesting activity within the gastrointestinal
tract. Subdiaphragmatic vagotomy results also indicated
that nerves below the diaphragm respond either directly
or indirectly to sesame lignans.

Several reports have demonstrated that muscle
fatigue is likely to occur if blood flow to muscles is
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restricted (Karabulut et al. 2010). Sugaya et al. (2011)
have shown that a 43 % decrease in blood flow of the
lower limbs results in a significant increase in inorganic
phosphate, thus promoting muscle fatigue. Conversely,
an increase in blood flow may contribute to a reduction in
muscle fatigue and result in the alleviation of the
subjective feeling of fatigue. Sesame lignans were shown
to increase skeletal muscle blood flow by up to 40 %,
which is similar to the increase reported using
L-carnosine (Horii et al. 2015). Therefore, it is likely that
this increase would promote the excretion of fatigue-
inducing substances from skeletal muscles. Intake of
sesame lignans has been reported to improved reduced
exercise capacity in diabetic model mice (Takada et al.
2015) and alleviate subjective feeling of fatigue in
humans (Takemoto et al. 2015). It is also known that the
autonomic nervous system response is blunted by fatigue
(Stewart 2000, Mizuno et al. 2011). The mechanism
behind these anti-fatigue effects may involve autonomic
nervous system modulation as shown in the current study.

This study has provided experimental evidence
that a single dose of sesame lignans can increase blood
flow in the muscle. Similarly, a single period of exercise
transiently induces increased heart rate and blood
pressure, accompanied by changes in blood flow. These
changes impose shear stress on vascular endothelial cells
and trigger changes in gene expression. It is thought that
when these stimuli are repeated by making exercise
habitual, blood vessel remodeling and neovascularization
occur, ultimately leading to a decrease in blood pressure
(Hudlicka and Brown 2009). Therefore,
beneficial effect on the vascular system may be induced

a similar
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