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Abstract

We examined and compared the effects of taste stimulation by soy saponin as well as soy isoflavone and intragastric (IG) injection
of both on the autonomic nerve activities and feeding behavior in rats. We found that taste stimulation by soy saponin or soy
isoflavone-rich solution (SIRS) did not affect the activity of the sympathetic nerve supplying the adrenal gland in urethane-
anesthetized rats; however, |G injection of SIRS, but not soy saponin, stimulated the adrenal sympathetic nerve activity (ASNA)
in a dose-dependent manner. Moreover, |G injection of SIRS significantly suppressed the activity of the vagus nerve innervating the
stomach, whereas sympathetic nerve outflows to brown or white adipose tissue were not affected by IG injection of SIRS. To test
the involvement of the afferent autonomic nerve in the abdominal organs for regulation of the efferent ASNA by SIRS, we examined
the response of the adrenal sympathetic innervation to SIRS injection in rats with ablated afferent vagus or afferent sympathetic
nerves. The activating effect of SIRS on the ASNA was inhibited in sympathectomized rats but not in vagotomized rats. Thus, our
data suggest that soy isoflavone might affect tissue-specific autonomic nerves through the afferent sympathetic nerve pathway.
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Introduction

Soy is a wellness food that has anti-metabolic and anti-aging
properties. In animal models, long-term ingestion of soy
isoflavone significantly reduced body weight, food intake,
and abdominal fat weight.'™ In addition, soy isoflavone
ingestion improved insulin sensitivity,” ameliorated hyper-
glycemia in type 2 diabetic mice,® and altered hypothalamic
appetite-related neuropeptides and controlled feeding
behavior” and thermogenic metabolism in female rats." All
these evidences suggest that soy isoflavone may exert anti-
obesity and anti-diabetes actions through the central ner-
vous system.

Our previous studies showed that the activities of the
autonomic nerves that supplied adipose tissue-containing
peripheral organs and the stomach, which contributed to
regulating metabolism and feeding behavior, respectively,
were altered by intragastric (IG) administration of a poly-
phenol-containing agent or lactobacillus in anesthetized
rats.8 1 In addition, sympathetic nerve outflow to the adrenal
gland contributed to regulating adrenaline secretion, which
caused vasoconstriction, gluconeogenesis, and lypolysis.
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In our previous studies, lactobacillus administration into
the small intestine affected adrenal sympathetic nerve activ-
ity (ASNA) and modulated blood pressure, blood glucose
levels, and lipid metabolism.”™ Thus, investigating the
effects on ASNA, which is closely related to cardiovascular
function, glucose metabolism, and lipid metabolism, may
aid in optimizing the screening of materials as possible
autonomic regulators.

Recent studies confirmed that soy isoflavone activated
taste receptors'? and that soy isoflavone or soy saponin
affected the activity of the chorda tympani nerves as an
astringency response in anesthetized rats.">'* Niijima
showed that there was a close relationship between taste
reception and the autonomic nervous system in rats.'?
This led us to hypothesize that soy isoflavone or soy sap-
onin may affect the autonomic nervous system, thereby
affecting homeostasis regulation. However, it remains
unclear whether soy isoflavone or soy saponin affects the
autonomic nervous system by taste stimulation versus their
physical presence in the gastrointestinal tract. Thus, in the
present study, we examined the effects of IG administration
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versus taste stimulation by soy isoflavone or soy saponin on
the autonomic nervous system in anesthetized rats.

Materials and methods
Animals

We used 90 male Wistar rats (weighing 260-280 g) in the
present experiment. Animals were housed in a tempera-
ture-controlled room with a 12-h light-dark cycle (07:00-
19:00h). Food and water were freely available. Animals
were adapted to the experimental environment for at least
one week prior to the experiment. All animal care and
handling procedures were approved by the Institutional
Animal Care and Use Committee of Ritsumeikan
University (BKC2010-11).

Electro-physiological recording

On the day of the experiment, food was removed 3-4 h prior
to surgery. Under anesthesia induced by intraperitoneal
injection of 1g/kg urethane (when it was insufficient, 0.2
0.3 g/kg of urethane was added), a polyethylene catheter
was inserted into the jugular vein for intravenous injection,
and another catheter was inserted into the carotid artery for
blood pressure determination. The rat was then cannulated
through the trachea and fixed in a stereotaxic apparatus.
Body temperature was maintained at 36.5-37.0°C using a
heating pad and monitored with a thermometer inserted
into the rectum. Using a dissecting microscope, the left sym-
pathetic nerve innervating the adrenal grand was exposed
through an incision to the left flank and a recording of the
ASNA was made. For recording gastric vagus nerve activity
(GVNA) the gastric branch of the ventral subdiaphragmatic
vagus nerve was identified and exposed after incision of the
abdomen midline. For recording brown adipose tissue-
sympathetic nerve activity (BAT-SNA), the left sympathetic
nerve innervating interscapular BAT was exposed through
a left dorsal incision. For recording white adipose tissue-
SNA (WAT-SNA), an abdominal blood vessel supplying the
testis and WAT of the epididymis was located and the nerve
bundle was exposed as described previously.'® The nerve
was attached to a pair of stainless-steel electrodes, and then
hooked up to electrodes for recording. The electrodes were
fixed with a silicon gel (liquid A & liquid B, Kagawa Kikai
Co., Japan) to prevent dehydration and for electrical insu-
lation. The rat was allowed to stabilize for 30-40 min after
being placed on the recording electrodes.

Electrical changes in autonomic nerve activities were
amplified 2000-5000 times with a band path of 100-
1000 kHz, and monitored by an oscilloscope. Raw data of
nerve activity were converted to standard pulses by a
window discriminator, which separated discharge from
electrical background noise which remained postmortem.
Both the discharge rates and the neurogram were sampled
with a Power-Lab analog-to-digital converter for recording
and data analysis on a computer. Data were obtained as
described previously.®> " A catheter inserted in the carotid
artery was connected to a blood pressure transducer
(DX-100, Nihon Kohden, Japan), and the output signal of
the transducer was amplified (AP641G, Nihon Kohden,

Japan), monitored with an oscilloscope, sampled with the
Power-Lab for viewing the blood pressure and heart rate.

Baseline measurements of ASNA, GVNA, BAT-SNA,
and WAT-SNA were made 5min before the taste stimula-
tion with the isoflavone, saponin, or vehicle (0.1% dimethyl
sulfoxide [DMSQO]). For stimulation with soy isoflavone-
rich solution (SIRS) or soy saponin, soyafuravon HG
powder (0.5mg or 5mg, 52.1% isoflavone [Daidzin 8.5%,
Genistin 0.4%, Glycitin 4.8%, Malonyl Daidzin 26.6%,
Malonyl Genistin 6.0%, Malonyl Glycitin 11.2%, Acetyl
Daidzin 0.5%] and 9.1% soy saponin, Fuji Oil Company
Ltd.) or soy saponin (10 mmol/L, WAKO) was dissolved
with 0.1% DMSO, respectively. The solution density of
SIRS (5mg) or soy saponin (10 mmol/L) was determined
using the method of a previous investigation showing ner-
vous response test in electro-physiological study.”>'* These
solutions (0.1 mL) were applied to the tongue surface with a
syringe by holding the tongue outside the buccal cavity.
Each trial required 10min to spread the solution slowly
and continuously over the tongue, then the tongue was
flushed with distilled water just after the stimulation. In
case of IG injections of SIRS, soy saponin or vehicle, a poly-
ethylene catheter was inserted into the stomach.
These agents (1 mL) were administered through the cath-
eter by hand gilding a syringe for 2 min. After the injection,
nerve activities were recorded for 60 min. To confirm suc-
cessful recordings of efferent nerve activity, at the end
of the experiment, an intravenous injection of hexametho-
nium chloride (10mg/kg), a postganglionic blocker, was
used to show that the postganglionic efferent autonomic
tone was suppressed. The rat was then killed by urethane
overdose.

Vagotomy and sympathectomy

Some rats (n=5) were subjected to vagus denervation
(VDN). Vagotomy was performed two weeks before exam-
ining response of ASNA to the SIRS injection in the electro-
physiological experiment. Under pentobarbital anesthesia
(35mg/kg, intraperitoneal injection), the stomach was
retracted through a midline abdominal incision to cut the
subdiaphragmatic vagus nerve, and the nerve bundles of
the anterior and posterior vagi were dissected from the
esophagus and sectioned using an ophthalmic clip.
Sympathetic denervation (SDN) was performed in another
five rats. The gastrointestinal sympathetic nerves were sec-
tioned performed two weeks before the SIRS injection in
the electro-physiological experiment. The celiac plexus,
celiac artery, and mesenteric artery were identified through
a midline abdominal incision. The sympathetic branches of
the celiac nerves that innervate the stomach and intestine
and the mesenteric nerves that innervate the intestine were
carefully sectioned such that the adrenal sympathetic
nerves or the celiac branches of the vagus nerves were
not damaged. The abdominal organs were then returned
to their normal positions. Control rats (n=4) underwent
sham operations in which the abdominal incisions were
performed under anesthesia without cutting the auto-
nomic nerves.



Feeding behavior experiment in taste stimulation

The vehicle, SIRS or saponin group received the normal diet
(CE-2, CLEA Japan, Inc., Tokyo, Japan, 342kcal/100g).
Food and water were freely available. The food intake
and body weight were monitored in all rats for 24 h after
the first taste stimulation, and stimulation was performed
twice (18:00, 6:00).

Data analyses

The autonomic nervous data measured during each 5min
period after injection of each agents were analyzed by digi-
tal signal processing and appropriate statistical analyses.
Autonomic nerve data were evaluated as spikes per 5s.
All data were expressed as means = SEM. Percent changes
from baseline values were calculated for the nerve
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activities. Two-way ANOVA (group, time after injection)
was applied to compare responses between the groups,
respectively. When significant differences were found, the
Bonferroni post hoc test was performed. P <0.05 was con-
sidered as statistically significant.

Result

Effects of taste stimulation with soy saponin or
isoflavone on autonomic nerve activities

Figures 1a, 2a and b showed autonomic responses to taste
stimulation with soy components, and typical recordings or
time course data of ASNA and GVNA before and after taste
stimulation with saponin or SIRS are described in Figure 1a
or Figure 2a and b, respectively. In neither saponin group
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Figure 1 Effects of saponin or soy isoflavone-rich solution (SIRS) on autonomic nerve activities in urethane-anesthetized rats. Raw tracing data of adrenal sym-
pathetic nerve activity (ASNA) and gastric vagus nerve activity (GVNA) before and after taste stimulation with vehicle, saponin, or SIRS (a). Raw tracing data of ASNA
and GVNA before and after IG injection of vehicle, saponin, or SIRS (b)
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Figure 2 Effects of saponin or soy isoflavone-rich solution (SIRS) on adrenal sympathetic nerve activity (ASNA) and gastric vagus nerve activity (GVNA) in urethane-
anesthetized rats. Time-course data of responses of ASNA (a) and GVNA (b) to taste stimulation with vehicle, saponin, or SIRS, and responses of ASNA (c) and GVNA (d)
to IG injection of vehicle, saponin, or SIRS. Values were expressed as means + SEM. The numbers of animals used were shown in parentheses. Significance of
difference between values of groups after stimulation or injection was analyzed by ANOVA. *P < 0.05 vs. vehicle group

nor SIRS group, significant changes of ASNA and GVNA
were detected by taste stimulation.

Effects of IG injection of soy saponin or isoflavone on
autonomic nerve activities

Autonomic responses to IG injection of soy components,
and typical recordings or time course data of ASNA and
GVNA before and after IG injection are presented in
Figures 1b, 2c and d, respectively. In the SIRS group,
increase in ASNA and decrease in GVNA were detected
and these responses were caused gradually, whereas sap-
onin injection did not affect the ASNA and the GVNA.
Moreover, IG injection of SIRS did not alter the BAT-SNA
and WAT-SNA (Figure 3).

We examined possible role of the abdominal afferent
autonomic nerves in the autonomic response to SIRS injec-
tion, and found that elevating effect of SIRS on the ASNA
was preserved in the VDN rats while the effect was elimi-
nated in the SDN rats (Figure 4).

Effects of taste stimulation with soy isoflavone on
body weight and food intake

Taste stimulation with SIRS or saponin did not cause sig-
nificant changes in food intake and body weight for 24 h
(food intake; vehicle group 20.1+1.4g, SIRS group

19.6+£0.2g, saponin group 21.1+1.7g, body weight
change; vehicle group +3.7+14g and SIRS group
+4.6+0.7 g, saponin group 3.1+£3.2g).

Discussion

Previous reports showed that isoflavone ingestion affected
obesity and reduced abdominal fat tissue weight in ani-
mals,' which indicated that isoflavone supplementation
may aid in preventing the metabolic syndrome of obesity
and diabetes. Because the autonomic nervous system plays
an important role in homeostasis regulation and autonomic
nerve activity dysfunction has been observed in obese
animal models,"” we examined the effects of taste stimula-
tion versus IG administration of soy isoflavone on auto-
nomic nerve activity in anesthetized rats. As a novel
result, we found that IG administration of a SIRS but not
taste stimulation significantly increased ASNA and sup-
pressed GVNA in anesthetized rats. Moreover, autonomic
responses to IG SIRS administration were inhibited in
abdominal afferent sympathetic nerve-ablated rats. This
suggests that soy isoflavone ingestion may affect autonomic
nerve outflows in a tissue-specific manner through abdom-
inal afferent sympathetic nerve signals. To the best of our
knowledge, this is the first report on the novel autonomic
nervous regulation by soy isoflavone.
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Figure 3 Effects of IG injection of soy isoflavone-rich solution (SIRS) on sympathetic nerve outflows to organs related to thermogenesis or lypolysis. Typical raw data
of brown adipose tissue-sympathetic nerve activity (BAT-SNA) and white adipose tissue-SNA (WAT-SNA) before and after IG injection of vehicle or SIRS was shown ().
Time course data of responses of BAT-SNA (b) and WAT-SNA (c) to vehicle or SIRS. Values were expressed as means + SEM. The numbers of animals used were

shown in parentheses

Here we found that IG SIRS administration affected
autonomic nerve outflow, whereas taste stimulation with
SIRS did not alter nerve activities in urethane-anesthetized
rats. Because electro-physiological experimentation is lim-
ited when using anesthesia, the possible effects of anesthe-
sia should be taken into consideration. Thus, we examined
the effects of taste stimulation with SIRS on food intake and
body weight changes in conscious rats.

As expected, taste stimulation with SIRS did not induce
significant changes in food intake or body weights for 24 h
and they remained virtually unaffected by anesthesia in
the autonomic and feeding responses to SIRS. In contrast,
even under anesthesia, other taste stimulations, such as
with sweet (glucose) or umami (MSG), affected efferent
autonomic nerve activity in rats.'” With regard to the
tastes of other soy-derived agents, we examined the effects
of taste stimulation by soy saponin on both ASNA and
GVNA and found no response with either. Thus, it is pos-
sible that taste stimulation by soy-derived components,
such as soy isoflavone or saponin, may not contribute to
autonomic regulation and that IG administration of soy
isoflavone into a digestive organ may be necessary for
autonomic regulation.

We confirmed that IG administration of SIRS, but not
that of saponin, activated ASNA and suppressed GVNA,
which suggested that soy isoflavone may affect the auto-
nomic nervous system. However, the activities of those
sympathetic nerves that drive BAT and WAT, the metabolic
and lipocatabolic markers of neural activities, respectively,
were unchanged by IG SIRS administration. In general, it is
known that balanced regulation between energy intake by
feeding and energy expenditure by metabolism is import-
ant for regulating body weight. Thus, it is possible that
SIRS affects feeding behavior rather than energy metabol-
ism via those autonomic nerves related to regulating
feeding.

It was recently demonstrated that the vagus nerve that
supplies parasympathetic fibers to the stomach might be
implicated in the production and release of ghrelin.'®
Ghrelin is one of the appetite-related hormones that stimu-
lates appetite and increases body weight.'”” In addition,
ghrelin secretion is induced by activation of vagus nerve
outflow to the stomach.?® The results of our present study
supported GVNA suppression by SIRS administration, as
opposed to body weight gain and hyperphagia induced by
ghrelin.
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Figure 4 Possible role of abdominal afferent vagus nerve or afferent sympa-
thetic nerve in increase in adrenal sympathetic nerve activity (ASNA) due to
intragastric injection of soy isoflavone-rich solution (SIRS). Typical raw data of
ASNA before and after intragastric (IG) injection of SIRS in rats treated abdominal
vagotomy or abdominal sympathectomy (a). Time-course data of responses of
ASNA to IG injection of SIRS in rats treated vagus denervation (VDN) or sym-
pathetic denervation (SDN) (a). Values were expressed means &+ SEM. The
numbers of animals used were shown in parentheses. Significance of difference
between values of groups after injection was analyzed by ANOVA. P < 0.05 vs.
sham rats

However, SIRS administration alters ASNA and GVNA
without affecting the activities of the sympathetic nerves
that supply BAT or WAT. Soy isoflavone causes autonomic
responses in a tissue-specific manner because of the speci-
ficity of the neuroanatomical pathways for efferent auto-
nomic nerves. Efferent autonomic nerves that innervate
the adrenal gland have independent neural pathways in
the brain, such as the neural connection between the para-
ventricular nucleus and the suprachiasmatic nucleus in the
hypothalamus, the center for regulating nerve activity.”'
With regard to the efferent sympathetic nerve branch that
drives BAT, the neural route between the dorsomedial
hypothalamus and the median preoptic area is the center
for regulating nerve activity.”> We suggest that these inde-
pendent neural circuits for controlling efferent autonomic
nerves may have been implicated in the tissue-specific
responses to SIRS found in the present study. However,
we did not determine changes in blood ghrelin levels
after SIRS administration or make a neuroanatomical ana-
lysis of neurotransmission in the brain. Thus, additional
studies will be needed to confirm our hypothesis.

Recent studies confirmed that afferent autonomic nerve
signals in abdominal organs functioned as sensors for vari-
ous nutritional components’®® and hormones'® and

transmitted their presence to the central nervous system
to control efferent autonomic nerves. Our previous studies
also found that IG administration of lactobacillus, oolong
tea, or monosodium glutamate affected efferent autonomic
nerve discharges through the afferent vagus nerve in
digestive organs.”'®*> However, in the present study, we
found that afferent sympathetic nerves, but not the vagus
nerve, were implicated in an ASNA response to SIRS
administration, as evidenced by the inhibition of the enhan-
cing effects of SIRS administration on ASNA in SDN rats.
This is a novel finding and indicates that soy isoflavone
ingestion may act on sensors in digestive organs and
cause a reflex response by afferent sympathetic nerves,
which would result in efferent signal changes in ASNA
and GVNA through the central nervous system.

As demonstrated here, local SDN was generated by lim-
iting the abdominal organs, such as the stomach, intestine,
or liver, by ablating the sympathetic branches of the celiac
and mesenteric nerves. Previous studies confirmed that
monosodium glutamate selectively acted on the stomach
and induced afferent vagus signals.** It was also shown
that intestinal bacteria played an important role in the
metabolism of soy isoflavonoids®™ and produced equol
during metabolism.”® Thus, it may be concluded that soy
isoflavone stimulates afferent neural activity in intestinal
sympathetic nerves by affecting equol-related sensors in
intestinal organs. However, we need to determine the pos-
sible roles of tissue-specific afferent pathways in the auto-
nomic responses to soy isoflavone administration or the
detailed afferent pathways by nodose ganglion analysis
and c-fos induction in the nuclei of the solitary tract in the
medulla oblongata.

In the present study, we found that IG SIRS administra-
tion affected ASNA and GVNA. Taste stimulation by SIRS
or soy saponin did not cause significant changes in the auto-
nomic nervous system. In addition, autonomic responses to
IG SIRS administration were eliminated in SDN rats. Thus,
we suggest that soy isoflavone ingestion may affect the
efferent autonomic nervous system in a tissue-specific
manner via abdominal afferent signals for regulating feed-
ing behavior.
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